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PREFACE 


During the last year there have been changes in the Editorial Committee 
of the Annual Review of Nuclear Science; in particular, Dr. James G. Becker- 
ley, the Editor for the past six years, has been forced by other commitments 
to relinquish the editorship. During the previous eight years the general pat- 
tern and policies of this Review have been established; and although we must 
naturally expect that they will evolve as time goes on in order to keep abreast 
of scientific developments, no sudden drastic change is to be expected. 

The responsibility for the choice of authors and subjects for this volume 
rests with the previous Editorial Committee: J. G. Beckerley, C. L. Critch- 
field, L. F. Curtiss, T. P. Kohman, E. Segré, and R. E. Zirkle. An endeavor 
has been made to give a balanced view of the ever-widening field of nuclear 
science, ranging from rather abstract theoretical ideas on the symmetries of 
nature to the practical considerations resulting from the effects of radiation 
on man and the associated safety precautions. 

The Annual Review of Nuclear Science again takes pleasure in thanking 
the authors of the various articles for their unselfish cooperation. It is hoped 
that the feeling of having made a useful contribution to the very serious 
problem of the dissemination of information in an assimilable form might 
in part compensate for the labors of writing the articles. 

We must register regretfully several severe blows suffered by nuclear 
science during the last year through the loss of men who have opened entire 
new provinces of its domain. Frederic Joliot Curie died on August 14, at the 
early age of 58. The discovery of artificial radioactivity will make his name 
remembered forever. On August 27, Ernest O. Lawrence died at 57. The 
invention of the cyclotron was the pioneering step in the accelerator field 
and transformed in many ways the experimental art of nuclear physics. 
Death also took Friedrich A. Paneth on September 17, shortly after his 
seventy-first birthday. He pioneered in the use of isotopes as indicators in 
chemistry and in the nuclear aspects of geochemistry and cosmochemistry. 
Each of these men will also be remembered for his contributions to science as 
teacher, administrator, and public servant, and will be sorely missed by the 
wide circle of colleagues who have known him personally. 


C.L.C. E.S. 
T.P.K. L.I.S. 
D.J.H. R.E.Z. 
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INVARIANCE PRINCIPLES OF NUCLEAR PHYSICS! 


By G. C. Wick 
Brookhaven National Laboratory, Upton, L. I., New York 


1. INTRODUCTION 


The study of nuclear energy-levels and reactions, and of high-energy 
processes between elementary particles, offers a wide and fruitful field to the 
application of invariance principles and symmetry considerations. The 
classical symmetry groups (rotations, etc.), that played so large a role in the 
applications of quantum mechanics to optical spectroscopy, have a com- 
pletely analogous role here. Unlike spectroscopy, however, nuclear physics 
does not borrow entirely its symmetry principles from classical physics, but 
has to invent new invariance principles, to fit the new regularities and hidden 
symmetries that apparently exist, but do not show up at the usual macro- 
scopic scale of things. Such symmetries are, for example, charge conjugation 
(or the symmetry between matter and antimatter) and isotopic-spin in- 
variance. At the same time some of the older and most respected principles, 
such as the symmetry between left and right, are found to fail under certain 
circumstances. 

This article is an attempt to summarize the present status of those prin- 
ciples, about which nuclear physics has had something new to say. The 
rotation group and proper Lorentz group, therefore, are barely mentioned 
in passing. Of the “‘classical’’ groups only space inversion or ‘“‘P’’ and time 
reversal or “‘T’’ are discussed (see Sect. 2 and 3). Charge-conjugation (C) is 
discussed in Section 4; and some mixed operations obtained by combining 
P, T, and C are discussed in Section 5. 

The emphasis throughout is on the general ideas, rather than on special 
applications; the latter are mentioned insofar as they illustrate the former. 
One cannot really present ideas of such a fundamentally mathematical 
nature without a certain amount of formal developments. The reviewer has 
made rather systematic use of the idea of quantized field, but has otherwise 
managed to avoid complicated calculations. 

A discussion of isotopic spin-invariance or charge-independence and other 
related operations follows in Section 6. Finally in Section 7 the extension of 
these ideas to the heavy unstable particles, and the related notion of 
‘“‘strangeness’’ are mentioned. In the whole article, however, the reviewer 
assumes that the reader is already familiar with certain recent ideas, such 
as the distinction between ‘“‘strong,’’ ‘electromagnetic,’ and ‘‘weak”’ inter- 
actions. Explanations about notations will be found in Appendix A. 


2. PARITY 


2.1. Space inversion and parity operator.—The first subjects to be dis- 
cussed are invariance against “‘space-inversion” and the associated concept 


1 The survey of literature pertaining to this review was concluded in April, 1958. 
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of parity, which plays a fundamental role in atomic and nuclear spectroscopy, 
as well as in the theory of collisions, nuclear reactions, etc. These classical 
applications of the parity concept, as will be seen, are not seriously invali- 
dated by the recent discovery of violations of space-inversion invariance in 
B-decay and other weak interactions. 

Parity is a rather subtle concept and it cannot be fully appreciated 
without paying attention to certain unfamiliar features of the general 
quantum mechanics of particles and fields. Let us begin, however, with the 
more elementary aspects of the parity concept. In the familiar discussion of 
the energy states of an electron in a central field, one finds that the levels 
can be classified into even and odd, i.e., levels with a Schrédinger function 
which is either an even or an odd function of the coordinate vector 
x = (x1%2x3). The same distinction can also be made in an elementary way 
for the levels of ” electrons in a fixed central field, or for a free atom or mole- 
cule consisting of an arbitrary number of electrons and nuclei. In the latter 
case one must consider only that part of the wave function which describes 
the ‘‘relative’’ motion. 

Another familiar point in spectroscopy is the statement (Laporte’s rule) 
that allowed optical transitions only occur between states of opposite 
parity. This may be called the “‘law of parity change.” 

Attractive as these simple formulations are, they are unsuitable to deal 
with the more complex situations encountered in nuclear and high-energy 
physics. The key to a more general formulation is offered by the remark 
that all the above-mentioned propositions are a consequence of the invariance 
of the Schrédinger equation with respect to the coordinate transformation 


x’ = -x 1. 
or x;/=—x,; (t=1, 2, 3), i.e., the simultaneous inversion or reflection of all 
three coordinate axes, which is the simplest possible transformation from a 
right-handed to a left-handed coordinate system. The particular simplicity 
of it lies in the fact that it commutes with all the rotations. In the case of 
an external central field, the center must, of course, be chosen as the origin, 
but in the case of a free atom or molecule any point in space may act as center 
of inversion. The principle involved is, then, the symmetry of the Laws of 
Nature between right-handed and left-handed coordinate systems. The 
nature of the argument will be outlined before going into any formal details. 

The assumed symmetry between right and left allows us to postulate 
that for every state of a free system one can define a ‘‘mirror-state,’’ which 
is related to it in the same way as an object is related to its image after a 
reflection in the origin, as in Eq. 1. 

One argues, then, that there must be a transformation, called the ‘‘parity 
operator’ P, connecting a state-vector y and its mirror-image y’ 


vy = Py. 2. 
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One argues further, that this operator is linear-unitary? and satisfies the 
condition 
P=P ie. P=1 3. 


which expresses mathematically the reciprocal nature of the connection be- 
tween a state and its mirror-image. 

In the elementary case of the nonrelativistic Schrédinger equation of a 
system of interacting particles, the state-vector is simply a function W(q) of 
the coordinates of all the particles, symbolized by a single letter g; and it 
is quite easy to see that the operator P can be defined by the equation 

v@) = v(-9) 2’. 
where, of course, the minus sign is applied simultaneously to all the coordi- 
nates. In the state y’ the positions of all the particles and their momenta 
are inverted with respect to the state y, in the sense that the “‘probability”’ 
to find a certain particle at position x (or with momentum ) in the state 
W’ is the sameasthe probability to find it at position —x (with momentum — p) 
in the state y. All this can be easily demonstrated explicitly for Eq. 2’, but 
must be a quite general property of the operator P, from the very definition 
of it. 

The argument goes on further to state that if y is an eigenstate, of the 
energy operator H, then so is Py, and with the same eigenvalue (which again 
can be easily verified in the elementary case, but is a quite general conse- 
quence of the assumed invariance principle). A familiar argument shows, 
then, that P and H commute 

PH = HP. 4. 


According to well known theorems, the hermitian operator H and the unitary 
operator P can, therefore, be reduced simultaneously to diagonal form, i.e., 
it is possible to set up a complete set of energy states which are also eigen- 
states of P. If one also wants to diagonalize the total linear momentum 9, 
he must limit himself to the case p=0 (rest system) since otherwise y and 
Py must have different values of ». Going back to Eq. 3 one sees that all 
eigenvalues of P are either +1 or —1, which concludes the argument leading 
to a classification into even and odd states, i.e., states for which 


Pyp=ty. $. 


One realizes, now, that the argument is of an extremely general nature and 
should be applicable to all systems for which the left-right symmetry is valid. 

Laporte’s rule can be similarly generalized, but, interestingly enough, it 
now appears as a special case of a “law of parity conservation.’’ This is 
immediately apparent if one enlarges the Hamiltonian in Eq. 4 to include 
the energy of the radiation field and its interaction with the atom, in which 


2 See the remarks in Section 2.3. For a deeper discussion of this point see Wigner’s 
book (1), especially the Appendix to Chap. XX. 
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case one must similarly enlarge the operator P to include the effect of the 
space inversion on the state of the radiation field; and the equation then 
expresses the fact that P is a constant of the motion. Now the wavefunction 
y of the ‘“‘whole system”’ will be a function of the coordinates ga of the parti- 
cles of the atom and of an infinite number of coordinates gr pertaining to 
the various oscillator modes of the radiation field. In order to ‘“‘reflect’’ the 
state y, one must operate on the particle coordinates g in the manner speci- 
fied by Eq. 2’ and also operate in some suitable manner on the coordinates 
gr. The global operator P is, therefore, the ‘‘product’’ of two operators 


P = PaPer 6. 


one of which affects the state of the atom (P,4) and the other one that of 
the radiation field (Pr). In the process of light emission or absorption, it will 
turn out that under the circumstances normally obtaining for spectroscopic 
lines (i.e., when the radiation emitted or absorbed is of the electric dipole 
type), the value of Pr changes sign in the transition. In order to conserve 
P, therefore, the parity of the atomic level P4 must also change, which is the 
rule of Laporte. 

In a similar way, the parity selection rules for electric-quadrupole, 
magnetic-dipole, etc. radiation can all be obtained as special cases of the 
general parity conservation law. 

2.2. Applications and Limits of Validity of Parity in Low Energy Nuclear 
Physics——In low energy nuclear reactions, excluding 6-decay, no particles 
are created or destroyed, except photons. Therefore, the elementary discus- 
sion based on Eq. 2’ plus an assignment of parity to the multipole states of 
a photon covers most cases of interest. The shell-model, when it is valid, 
allows one to assign a priori a parity eigenvalue to the ground state of a 
nucleus. The parity of the low excited states may often be predicted by the 
shell-model or in other cases by the Bohr-Mottelson theory, etc. The parity 
of the initial state (in a center of mass reference system, as usual) in a reac- 
tion, such as 

n + Be’ — He! + Het Vs 


may be computed by noticing that an inversion of the coordinates of all 
protons and neutrons may be performed in two steps, i.e., (a) an inversion 
of the nucleons in Be’ with respect to the center of mass of Be’ (plus a similar 
inversion in the other colliding nucleus, if it is complex), and (6) an inversion 


3 It is appropriate to point out here, that although a parity quantum number +1 
or —1 is assigned to each individual state of a system, the only question that ever 
really counts is the parity of a state relative to that of another state, i.e., whether 
they have the same or opposite parities. This is not surprising, since P and —P 
satisfy the same defining equations (compare Section 2.3), and, therefore, either of 
them may be used as the “correct’’ parity operator. The unambiguous choice of P is, 
therefore, always based on some (tacit or explicit) convention, such as P= +1 for 
the ‘‘vacuum state’’ (compare end of Section 2.4 or Eq. B.9 in the Appendix). 
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of the relative coordinates of the two centers of mass of the two colliding 
nuclei. The parity is, therefore, in general 


P = pipx(—1)' 8. 


where ~; and 2 are the parities of the ground states of the two colliding 
nuclei and / is the orbital momentum of the collision. A similar expression 
holds for the final state. Case 7 is especially interesting because in the final 
state the parity is simply (—1)”, where the relative angular momentum /’ 
of the He-nuclei can only take the values /’=0, 2, 4, - - - , (Bose-Einstein 
statistics). Hence the selection rule: reaction 7 can only occur if the initial 
value of P, Eq. 8, is +1. As an example: slow-neutron-induced reactions 
have /=0; thus in Eq. 7 the initial parity is —1 [’Be contains two (1s) 
neutrons and protons, two (2p) protons, and one (2) neutron] and the re- 
action is forbidden for slow neutrons. 

Recently, examples of such parity-forbidden reactions have been looked 
for with care, with negative results (2, 2a, b). The idea is that if small devia- 
tions from the right-left symmetry were present in the law of nuclear force, 
the wave function of a nuclear level would contain in general a small admix- 
ture F of a component of the “‘wrong parity’’ and thus forbidden reactions 
might occur. The experiments to date set upper limits to F of the order 


F? < 107. 9. 


This limit is comparable to the limits that can be set to possible parity 
violations in the interactions of the electrons in the external structure of 
atoms, from the study of ‘‘forbidden”’ spectral lines. 

Another argument, which has often been quoted in support of P-conserva- 
tion, is the absence of static dipole moments in the stationary states of atoms 
or molecules. This follows from P-conservation, provided one assumes that 
there is no ‘‘accidental’’ degeneracy of states, i.e., no degeneracy besides that 
due to the 2/+1 possible orientations of the angular momentum J. A well 
known theorem states, then, that the dipole moment D must be parallel 
to J 

D=kJ 10. 
where & is independent of the direction of J. Under a P-transformation, 
however, D, as a polar vector, changes sign while J does not, showing that 
k in Eq. 10 must be zero. 

It was pointed out years ago (3, 3a) that the neutron would be an especially 
suitable object for the detection of a small electric dipole moment. The experi- 
ment has in fact set an upper limit (4) 


| D/e| < 10- cm. 


which is quite low. It has been pointed out more recently, however, that the 
conclusions to be drawn from this result with regard to parity conservation 
are limited by the fact that a vanishing dipole moment is also required by 
invariance under time reversal (7). In fact, under the latter transformation 
J changes sign, while D does not. The roles of Jand D are now interchanged, 
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but the conclusion k =0 is obviously the same as before. Thus, only a theory 
which violates simultaneously P- and T-invariance could yield a non- 
vanishing static dipole moment. 

2.3. The parity operator, formal theory.—The existence of a linear unitary 
P-operator can be demonstrated rather easily in any specific case of interest. 
In the case on nonrelativistic particle dynamics, the assertion follows im- 
mediately from the explicit form of the operator, Eq. 2’. In other cases, it is 
somewhat easier and more elegant to infer the existence and properties of 
P indirectly from the transformation properties of the quantum mechanical 
operators or matrices. 

If the quantum-mechanical laws of a system are assumed to be invariant 
against the transformation from a right-handed to a left-handed coordinate 
system, Eq. 1, it must be possible to establish connections between the 
operators representing the physical variables in the two coordinate systems, 
in such a way, that the commutation laws and equations of motion have 
exactly the same form in the two systems. 

In order to explain the method, let us re-examine from this angle the 
case of a nonrelativistic electron with spin, in a central field. Suppose the 
Hamiltonian operator has the form 


H = (1/2m)p? + V(r) +s-x X pVi(r) 11. 
where s = (515253) is the vector operator representing the spin. The commuta- 
tion laws are 

[xj, xe] = [Di, de] = Lai, se] = [4% se] = 0. 


[x;, de] = i8;x; (sj, sk] = ise 


12. 


where j, k=1, 2, 3 and jk/ = 123, 231, or 312. The equations of motion follow 
from the general law 


dQ 
—=i|H 13. 
oe = iH, 0) 
and from the commutation relations. 
Now it is easy to see that the dependence of H on the canonical variables 


x, p, and s remains unchanged under the transformation 
x=-x', p=-p, s=+s' 14. 


The transformation is ‘“‘canonical,”’ i.e., it leaves the commutation laws Eq. 
12 unchanged, whereby the ‘‘plus’’ sign in the transformation equation for 


the spin vector is essential. Now the quite essential assumption is made that 
Eq. 14 also represents the connection between the operators representing 
variables in the two systems. Notice in particular that the spin vector be- 
haves as an “axial’’ vector, as indeed it should. 

From the general theorems of transformation theory one can then infer 
the existence of a unitary operator P which transforms the matrices x’, p’, s’ 
into the matrices x, p, $s, or vice versa; 
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PoxPp =x’ =—x 15a. 
PpP = p’=—p 15b. 
PsP =s'=+8 1Sc. 


and it is quite easy to see that this is precisely the operator defined by Eq. 
2 and 2’. To be sure, these equations were written for spinless particles, and 
we must now consider a ‘‘two-component” y. The last Eq. 15c shows, how- 
ever, that P does not affect the spin state, so that Eq. 2’ may be assumed 
for each of the two components independently. What Equations 15a and 
15b assert, then, is that the matrices x and p calculated with respect to 
any complete orthonormal set of functions u(x), u(x), us(x),-°+*, will 
simply change their sign if we transform to another orthonormal set 
v(x), ° ++, where v,=Pu,; the verification of which may be left to the 
reader. 

2.4. Parity operator in electrodynamics.—We are now ready to examine 
more complicated systems. Consider for example, the electromagnetic field: 
we may ask, what is the analogue of the canonical transformation 14? The 
dynamical variables are now the electric and magnetic field components 
E;(x) and H;(x), (k=1, 2, 3). The x coordinates are no longer dynamical 
variables, but merely ‘labels’ for the field components! We know already 
from classical electrodynamics, that, in order to leave Maxwell’s equations 
invariant under the coordinate transformation 1 we must assume the trans- 
formation law 

Ex’ (x’) = — Ex(x); Ae’ (x’) = + A(x) 16. 
where x’(=—x) on the left represents the ‘‘same point in space” as x does 
on the right. Since the equations must hold for any value of x we may also 
write them in the equivalent form 

Ey’ (x) = — Ex(—x); Ai’ (x) = + Ai(—2). 17. 
One says that E transforms like a ‘‘polar’’ and H like an ‘‘axial”’ vector. In 
order to make this identification, one has assumed that the charges of the 
particles which produce the electromagnetic field are treated as scalar 
quantities, i.e., have the same value in the two systems. This is equivalent 
to saying that the current four-vector p, jx (k =1, 2, 3) transforms according 
to 

p’(x’) = + p(x) 

ju (x') = — ju(x). 
The current, of course, depends on the product of the charges by their 
velocities and, therefore, changes sign. 

In quantum theory E£;(x) and H;(x) are represented by “operators” 
obeying certain commutation relations: 


[6iGx), Buw)] = [9CH), ICxQH)] = 0 
(6,02), SC] = — i ax - 
Xk 


18. 


19. 
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where we have used script characters to distinguish the operators from the 
corresponding classical quantities, and 7, j, k is a cylical permutation of 1, 
2, 3. It is natural to ask whether, in analogy to what we have done before, 
we are allowed to interpret 16 and 17 as equations between the ‘‘operators”’ 
which represent the fields in the two reference systems. One can indeed 
verify that the transformation is again canonical, i.e., &;/(x) and 3C,’(x) are 
operator functions of x which obey the same commutation relations as the 
unprimed operator functions, agd there must be, therefore, a unitary linear 
transformation 

PE;(x)P = &;'(x) = — &(—x) 

P7K;(x)P = IH;'(x) = H;(—x) 
where P will be called the parity operator for the electromagnetic field. If y 
is a state of the field, then the value of the magnetic field H in the state y 
and at the point x is equal to the value of H in the “mirror state’ Py and 
at the point —x; the corresponding values of the electric field Z are equal 


and opposite. 
The Hamiltonian operator for the free Maxwell-field is, of course, 


20. 


H =1/2 f [62(x) + 5C2(x) Jat 21. 


and remains unchanged under the substitutions &(x)-~—&(—x), H(x)—- 
+3C(—x); therefore 
PHP“ =H 4. 


as in the previous elementary cases, Eq. 4. 

It is not difficult to exhibit an explicit form for the operator P. Let us 
consider for simplicity only the transverse part of the field, which is adequate 
to describe free photons. Let us expand the field, as usual, in normal modes, 
using the well known 7M and TE spherical waves as modes. The expansion 
takes the form (5) 

&(x) wee LnpnEn(x) 
C(x) = LngnH,(x) 


22. 


where 7 is the index of the n-th mode and gy, p, are the corresponding ca- 
nonical variables; Maxwell’s equation reduce to the oscillator form p,=@Qn, 
Pn = —Wn*gn. The modes subdivide naturally into electric and magnetic 
2'-multipole waves. The components of H,(x) are even functions of x for the 
electric 2'-poles of ‘‘even’’ / (quadrupole, sixteenpole, etc.) and for the mag- 
netic 2!-poles of ‘‘odd”’ ] (dipole, octupole, etc.). These shall be called the 
‘““even’”’ modes. For these modes the components of £,(x) are odd functions 
of x. Thus, the oscillator variables gi, fi, go, po, * + * naturally subdivide 
into two groups, the “‘even’’ variables symbolized by g.p, and the odd vari- 


* These statements should be understood, in general, in the same probabilistic 
sense as similar statements in Section 2.1. 
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ables by Pofo. The state-vector of the system may be taken to be a function 
(eGo) of the positional variables. It is now immediately obvious that the 
canonical transformation of the fields, Eq. 17 or 20, corresponds to a reversal 
of the ‘‘odd”’ dynamical variables go... The “‘even’’ variables remain un- 
changed. The behavior of the odd variables is completely analogous to Eq. 
15a and 15b and, therefore, one is led to the definition for the parity operator 
y’=Py 

¥' (Ges Yo) = W(Ge, — Go). 23. 


Of course, ¥’ = —W(ge, —go) would be an equally valid definition. It is now 
easy to derive the selection rules for multipole emission. When an atom 
(which for simplicity is assumed to have an infinitely heavy nucleus at the 
origin) emits or absorbs a light-quantum, one of the modes of the field 
changes its quantum number from N to N+1. The wavefunction of the field 
may be assumed to be a product of oscillator wavefunctions corresponding 
to the various modes. The oscillator wave functions for N=0, 1, 2, +++ are 
known to be alternatively even and odd in the oscillator coordinate g. Eq. 23 
shows that the parity of the state of the field is (—1)”%, where the sum 
extends “over the odd modes only.” Hence, emission to (or absorption 
from) an odd mode (such as electric dipole) changes the parity of the field. 
Emission into an even mode does not affect the parity. This result will be 
seen to confirm all parity selection rules for emission or absorption of light. 
The result is true also for emission by a free atom, molecule, or nucleus. 
although the proof given here does not apply strictly to that case. 

It is noticed that the wavefunction of the ‘‘vacuum” state (the state in 
which there are no photons in the field) is a product of ground state wave- 
functions for all oscillators, which is ‘‘even”’ in all the coordinates. Hence, 
the parity of the vacuum state is +1. This is, of course, the result of the 
arbitrary choice that was made between 23 and the other possible sign for 
the P operator. It shows why that particular choice was preferable! 

Actually, one could in practice always assume that there are no other 
photons present except the photon which is emitted or absorbed. All that 
one needs to know is the parity of the one-photon states (that of the vacuum 
being set = +1). This could also be studied by means of a “‘wave equation” 
for the photon, and a corresponding parity operator for the photon wave- 
function. The reader may try his hand at applying the method of Appendix 
B to the present case. 

2.5. The parity of spinless particles——In m-meson physics the question 
arises whether the parity of a system of colliding nucleons should change 
when a w-meson is emitted (or absorbed). Clearly this is analogous to the 
problem discussed in the preceding section, the main difference being that a 
m-meson has zero spin. The possible states of the emitted meson can now be 
classified as s, p, d, + + - , i.e., states with orbital momentum /=0, 1, 2,---. 
A slight complication is that this should really be discussed as a problem in 
relative motion, but for the moment the reviewer will proceed as if he were 
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allowed to compound angular momenta with respect to a fixed center in the 


usual way. 
The parity of the meson states with /=0, 2, 4,---+ is obviously the 
opposite of that of the states with /=1, 3, 5, +++, but, just as in the case 


of photon emission, the problem involves a comparison between the parity 
of a state with one meson with that of a state with no mesons. One may, of 
course, adopt the usual convention that the one-meson states have parity 
+(—1)', but then one is still left with the alternative possibilities to assign 
parity +1 or —1 to the no-meson state. Conversely, and this is perhaps 
more natural, one may assign parity +1 to the no-meson state and then con- 
sider two alternative assignments 


+(-1)! or —(—1) 24. 


to the one-meson states. 

In a field theoretic treatment the question appears as follows: A system 
of identical spinless bosons is described in the second quantization method 
by a field operator with a single component ¢(x) which behaves as a scalar 
under a rotation of the coordinate axes. With regard to the inversion Eq. 1, 
however, @ may behave as a true scalar 


$'(—x) = + (x) 25. 
or as a pseudoscalar 

$'(—x) = — o(x). wv. 
It is absolutely essential to realize that, unlike the + ambiguity of the P- 
operator, the difference between Eq. 25 and 25’ is very real. $(x) is an 
“operator” (not a ‘‘state-vector!”’) which may appear in an interaction 


term in the Hamiltonian. As an example, the field representing the 7°-meson 
might interact with the electromagnetic field through a term of the form 


gf o(2){E%2) — HG) Jars 26. 
or of the form 
P f (x) E(x) H(x)d® 26". 


where g is a proportionality constant. In view of the transformation law for 
the electromagnetic field, one sees that 26 is invariant under the assumption 
25 and 26’ under the assumption 25’, but not vice versa. Thus, if parity is 
conserved, the two assumptions have different physical consequences; for 
example, both 26 and 26’ have matrix elements corresponding to a decay of 
the ° into two photons, but the mode of decay is different and can eventually 
be distinguished by experiment. 

When 25 or 25’ is interpreted as an operator equation,® one can again 


5 A technical point is that one must also write an analogous equation for the 
canonically conjugate field representing the time derivative of ¢. Another point is 
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infer the existence of a linear unitary operator P such that 
P~'o(x)P = ¢(—x) 27. 
or respectively, 
P-'6(x)P = — $(—x). 27’. 


The method described in the last section for light-quanta can obviously be 
extended. The operator $(x) can be expanded in ‘“‘normal modes’”’ character- 
ized by orbital and magnetic quantum numbers /, m, and by a third quantum 
number specifying the wavelength. Omitting m and the wavelength for sim- 
plicity, one may write 


¢(x) = »» gY¥i(x)filr) 28. 


where Y;is a spherical harmonic and f; is the radial function of the /-th mode. 
Then, just as in the previous section, one sees that there are ‘‘even’’ modes 
and ‘‘odd” modes for which g’;= +q: respectively, and precisely with 25 the 
even modes are those with even /, while with 25’ the even modes are those 
with odd /. The reader will recognize immediately that this leads to the 
parity assignments of Eq. 24. 

All evidence to date points to a pseudoscalar nature of the m7-meson 
field, i.e., to the correctness of Eq. 25’ and 27’ and of the second assignment 
in Eq. 24. Strongest evidence is afforded by the selection rules in m~-cap- 
ture by deuterium. Here there is good evidence (6) that the mesons cas- 
cade down to the K-orbit before being captured. The transition which is 
experimentally found to be allowed is one in which the 7-meson in the K- 
orbit (/=0) is absorbed, while the deuterium nucleus decays into two neu- 
trons (and nothing else). Because of conservation of angular momentum and 
the Pauli principle, the two neutrons can only be in the state *P;. Thus the 
nucleon system makes a transition from an “‘even” (3S) to an odd *P state® 
which is compatible with parity conservation only if the r-meson is pseudo- 
scalar. 

2.6. The parity of Dirac particles——The parity operator for a spin 1/2 
particle in the nonrelativistic theory has already been examined briefly. If 
one now investigates which transformation of the Dirac wave function is 
necessary in order to preserve the form of the Dirac Equation under the 
coordinate transformation 1, one finds immediately the rule 


v(x) = €By(—x) 29. 


where ¢€ is an arbitrary complex constant, and @ is the fourth Dirac matrix 
(=~) (for notations used see Appendix A). In the ordinary scheme, multi- 





that the operators P defined by 27 and 27’ are quite different, which again emphasizes 
the difference between the + sign in these equations, and the overall + ambiguity 
of P! 

* It is true, though, that the transition also involves the transformation of a 
proton into a neutron. One assumes that this does not affect the parity. About this 
point, see also the paragraph following Eq. 35’ in Section 2.6. 
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plication of Y by 6 means multiplication of the large (small) components of 
y by +1 (-—1). The behavior of the “‘large’’ components (i.e., the com- 
ponents that are large in a nonrelativistic, positive-energy, state) corresponds 
exactly to what was said about the Pauli ‘‘two component” y (see lines 
following Eq. 15). 

The 4X4 matrix B is unitary (6 =p! and 6?=1) and one sees easily that 
Eq. 29 in the one-particle or c-number interpretation of the Dirac equation 
defines a unitary P operator provided | e| = 1. If in addition we request P? = 1 
(see Eq. 3), we must have 


e= il 29’. 
which, of course, is the customary + ambiguity of the P-operator. The choice 
¢=-+1 leads to the usual identification of s, d, g,--+-+, states as P=+1 
states, and p, f,- ++, states as P=—1 states. In fact, for example, in an 
s, d,* ++, state the “‘large’’ components, for which 8= +1, are even func- 
tions of x, while the ‘‘small’’ components, for which 8 = —1, are odd func- 


tions of x. As a result y’=+wy (and vice-versa for the other states). 

In order to discuss the many problems in which Dirac particles are 
created or destroyed we go over to the second-quantized or g-number theory. 
The 4-components of the spinor y are then regarded as field operators obey- 
ing anticommutation relations 


{Yo(x), ve(y)} = 0; — {vp(x), ve! (y)} = dp05(x — y) 30. 


where p, o(=1, ++, 4) are spinor indices. Here, the theory is considered 
in the form applicable to particles which are different from their anti- 
particles (see Sect. 4), so that y and y' are independent. 

In the second quantized theory, Equation 29 defines the transformation 
of the field operator,” whereby one must point out that, provided |e| =1, 29 
preserves not only the form of the Dirac equation under 1, but also the anti- 
commutation laws of 30. Hence, in the usual manner the existence of a 
unitary P is inferred, such that 


P-y(x)P = y'(x) = By(—z). 31. 

The hermitean-conjugate of this equation reads (since P~ = P') 
P-W'(x)P = — etpy!(—x) = ety "(—x)8 32. 
(since 8* = —B; we use here the Majorana representation, see App. A). The 


“big” P-operator, defined by Eq. 31 and 32, is equivalent (as explained in 
App. B), when it acts on one-particle states, to the ‘‘small’’ P-operator de- 
fined directly by Eq. 29 in the c-number theory; that is to say, the two opera- 
tors make the same relative parity assignments to the one-particle states.® 


7 The more detailed explanations of Section 2.3 and 2.4 as to the meaning of such 
statements need not be repeated here. 

8 A trivial but necessary remark is that the e in Eq. 31 must not be confused 
with an overall phase factor for the P-operator. It is easy to see that the effect of 
¢ is to multiply the parities of the one-particle states (relative to the vacuum) by e, 
those of the two-particle states by &, and more generally those of the states with m 
particles and m antiparticles by e*™. 
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Obviously, however, ‘‘big’’ P covers an enormously wider range of states 
and contains more information. Let us consider, for example, following the 
method of Appendix B, the parity of positronium states, which are typical 
examples of states containing a particle and an antiparticle. A simple product 
wavefunction ,(x)u,(y) for an electron in state r and a positron in state s 
(notice that both u, and u, must be positive energy states) corresponds to 
the ket |r, $) =a,ta,t| ). A more general state ¢ may be described by a wave- 
function f(x, y) which is a superposition of product wavefunctions. Since 
the corresponding ket is also given similarly by superposition, one has, in 
analogy to B.6, B.6’, and B.8, B.8’ 


on t 
lr) f vay (yf lx, ydxdy | ) in 


fe(x, y) = (| vba) | 9 34. 


where it should be understood that f has two spinor indices, equal to the 
spinor indices of ¥(x) and W’(y) in the above equations. If the state has zero 
total momentum, f, is a function of x—y only. If P isapplied and Eqs. 31, 32, 
and B.9 are used, one finds that the wavefunction of the state P| ¢)is 


fe'(x, y) = (| v'@w@P| +) = (| Pov'@)PP-y(@)P| 
= — e*(| Bw'(—y)Ba(—x) | $) = — ByBefe(—x, —y) 35. 


where the subscripts x and y are appended to indicate that the 8 matrices 
operate on two different spinor indices, which go with x and y, respectively. 
Eq. 35 may now be regarded as the defining equation of P in the subspace of 
the positronium states. Remember that, as usual, the parity of these states 
has been anchored to P=1 for the vacuum state, Eq. B.9. 

One may transform Eq. 35 back to a representation in which 8,=1 and 
6,=1 for the “large’’ components. Hence, for these components the parity 
is defined by 


fii(x—y) = -—fr(—x + y) 35’. 


which means that s, d, g, - - + , states are odd! Thus, for example, there is 
the selection rule, that when positronium in the ground ('S or 4S) state 
decays (into two or three photons) it can only decay into an odd state. [(For 
the parity of two-photon states see (7, 7a).] The —1 factor in front of Eq. 
35’ is an “‘intrinsic’ parity factor which, as the calculation shows (see 
also Footnote 8), is completely independent of the value of € in Eq. 31. This 
remark is important, because in the case of the electron-positron field (or 
other charged fields), the general requirement of gauge invariance of the 
electrodynamic interactions implies in particular that multiplication of » by 
a phase-factor € is devoid of any physical significance; hence, an unambiguous 
determination of € in Eq. 31 is certainly impossible. This does not mean, 
however, that each Dirac field ¥, has a completely arbitrary constant €, 
independent of the behavior of the other fields. But it is clear that a discus- 
sion of possible ties between €,’s of different fields must depend on the 
structure of the existing interactions between the fields (see also next 
section). 
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Attempts to restrict the possible values of e by more formal devices are 
necessarily somewhat arbitrary. For example, Eq. 3, or more generally the 
requirement that P?, an unobservable transformation, be represented by a 
multiple of the unit matrix, which commutes with every operator, leads to 


v(x) = P*Y(x)P? = p(x) 36. 


and hence to e= +1. What this argument ignores, however, is that the Dirac 
theory already has other unobservable transformations which are not repre- 
sented by operators commuting with y, namely, any rotation through 360° 
about an arbitrary direction in space, and time-reversal repeated twice (see 
Sect. 3). This situation has been elucidated by Wigner, by means of the 
concept of “‘superselection rule’’ [see Wick, Wightman & Wigner (8)]. The 
basic point is that the measurability of the operators of quantum field theory 
is, in general, subject to limitations of a kind which is not usually anticipated 
in the usual treatments of the general principles of quantum mechanics. In 
case of Dirac’s y, limitations exist a priori because physically measurable 
quantities can be scalars, vectors, etc., but never spinors. Further limitations 
may exist, however, as we shall see, because of other restrictions on the possi- 
ble types of interactions existing in Nature. 

2.7. The parity operator for interacting fields—Let us first consider the 
interaction between charged particles and electromagnetic field, which is 
expressed in a well known way by the introduction of suitable interaction 
terms in the combined Lagrangean or Hamiltonian function for the electro- 
magnetic field and the field or fields describing the charged particles. The 
effect of these extra terms is to produce the appearance of interaction terms 
in the field equations, e.g., of a charge and current-density term in Maxwell’s 
equations. The essential point is now that the well known form of the inter- 
action Hamiltonian, as obtained from other consideration, automatically 
satisfies the invariance law, Eq. 4, whereby the transformation properties 
of the various fields are simply taken over from the Equations 20, 27, or 27’, 
31, and 32 for noninteracting fields. A P-operator of this kind for the com- 
bined system of interacting fields may be obtained, of course, by multiplica- 
tion of the previously defined P-operators, each of which acts only on the 
variables of a specific field. Only an example of such invariance considerations 
will be given here, by showing that the customary expressions for the charge- 
and current-density in the Dirac theory 

p(x) = ep "(x)y(x); jel) = eb "(z) an (x) 37. 
do indeed transform according to Eq. 18. In fact, beginning with p one finds 
by definition 

p'(x) = P-p(x)P = eP-y"(x)PP-y(x)P = ecety'(—x)88Y(—x) = o(—x) 
where a harmless PP-!=1 has been inserted, and the Dirac relation 6?=1 
has been used. Similarly 7’(x) is found to agree with Eq. 18 by using the 
Dirac relation Ba,8 = —a,. Since the transformation laws for the electro- 
magnetic field, Eq. 16 and 20, were chosen precisely so as to accommodate 
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the invariance of Maxwell’s equation with the transformation 18, it will be 
apparent that the essential step in the invariance proof has thus been 
achieved. The proof in the case of the current four-vector for spinless parti- 
cles (scalar or pseudoscalar fields) proceeds along exactly similar lines and 
will not be repeated here. 

As another example, let us consider the interaction between nucleon and 
meson fields. Following Yukawa’s general ideas, one describes this interac- 
tion in the closest possible analogy with the interaction between electron 
and Maxwell fields, the mesons playing a corresponding role to that of 
photons. Thus, if y is the Dirac field which describes the nucleons, one de- 
scribes the interaction by introducing on the “right hand side’’ of the free 
meson field equation a source function, which like the electrodynamic current 
four-vector Eq. 37 is bilinear in y' and y. The essential differences between 
the two cases arise from (a) the finite mass u of the mesons, (b) the pseudo- 
scalar nature of the meson field as against the vector nature of the Maxwel- 
lian field, and (c) the existence of two kinds of nucleons ( and ) and three 
kinds of mesons (7* and 7°). Let us for the moment neglect the latter cir- 
cumstance; that is, let us describe, for example, only the interaction of 7° 
mesons with protons. There is then a single pseudoscalar meson field @ and 
a single Dirac field y. The source function j in the meson field-equation 


(O — #*)¢ =j 38. 
must be a pseudoscalar bilinear form in yt and y, and if one assumes, for 
simplicity, that no derivatives are involved the only possible choice is 


5 = ighyeved = gow 39. 
where g is a proportionality constant. That 39 is invariant against ordinary 
rotations and proper Lorentz transformations may be easily proved. Only 
the behavior under a P transformation will be considered here. Using Equa- 
tions 31 and 32 one sees that 


P-4(x)P = gb'(—x)Bp6(—2) = — j(—2) 40. 
i.e., j(x) is pseudoscalar. Accordingly, Eq. 38 remains invariant if @ obeys 


27’, The interaction term in the Hamiltonian which gives rise to the source 
term j in Eq. 38 is of the form 


H’ = f j(x)o(x)d*x 41, 


and commutes, therefore, with P. 

The situation is essentially the same in the complete treatment (see 
Sect. 6.4) provided one assumes that proton and neutron field both trans- 
form in exactly the same way, Eq. 31, or, in other words, if one assigns the 
same parity to neutron and proton.® 


® Compare Footnote 5. The statement means, of course, that if one assigns the same 
€ to yp and y», then the similar constant for the meson field can be set equal to —1. 
This is an example of the tying together of different ¢-constants for various fields 
(Sect. 2.6). 
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2.8. Violations of parity in B-decay and similar processes.—T he tests of P 
conservation, that have been mentioned before are fairly sensitive, but 6- 
decay and similar phenomena provide an enormously more sensitive test, 
because the coupling constant involved is about 10~’ in natural units (&, c, 
and the 2-meson mass, say). It is now well known that many experiments 
on B-decay, r—u—e decay, and A-decay exhibit asymmetries which allow 
one in an obvious manner to draw a distinction between a left-hand and a 
right-hand. The distinction only becomes ambiguous when one draws the 
notion of antimatter into the picture (see Sect. 5). The operation P, how- 
ever, by definition does not interchange matter and antimatter, and the 
experiments, therefore, represent a clear violation of P-invariance. 

In view of this, a legitimate question may be asked, as to whether it 
makes any sense at all to talk about parity. A symmetry operator is, in fact, 
definable on the assumption that the symmetry exists. Strictly speaking, 
therefore, one ought to say now that the mirror image of a w~ meson does 
not exist, because according to our definition it would be again a u~ meson, 
but its decay probability in the various directions, relative to its spin- 
direction, would not be compatible with the observed law. 

One does not need take this extreme point of view, however. Since the 8- 
decay interaction is so extraordinarily weak, one may assume for a moment, 
that it just does not exist. Parity then becomes an approximate concept that 
is valid to an extraordinarily high degree of accuracy. Formally, this means 
that the P operators for the various fields must be defined so as to satisfy 
invariance for the ‘‘strong’’ and electromagnetic interactions. Experi- 
mentally, it means that only ‘‘strong’’ reactions or electromagnetic processes 
can be used in determining the intrinsic parity of particles. 

It is obvious that these limitations imply corresponding limitations in 
our ability to define P. That is to say, they increase the number of possible 
ambiguities, that have been already found to exist. Let us examine, for 
example, 6-decay in more detail. It has been known for a long time that it is 
possible to write formally parity-violating interactions within the customary 
scheme. Let us now designate by #, n, e, and v the Dirac fields describing pro- 
tons, neutrons, electrons, and neutrinos, respectively. Let us write, for 
example, the so-called vector interaction 


V=G f (p'B-yyn)(e'Byyv)d®x 42. 


where p, n, e, and v are all functions of the same field-point x, and C, is a 
coupling constant. This is not only invariant against proper Lorentz trans- 
formations, which will not be discussed, but also against P, provided one 
defines the P transformation of all four fields by means of Eq. 31 and 32 
with the same e, say e=1, for all four fields. This is easy to verify, using 
B(By,)8 = tBy, (+ for u=4, — for u=1, 2, 3). 

This is, however, by no means necessary. One could assume, for example, 
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that the neutrino field has «= —1, i.e., the opposite parity. In this case, 
Equation 42 is not invariant, but the following interaction is 


v= C;’ f (p'Byun)(e*Bryve)dée. 43. 


If, however, one assumes a combination of both: H=V-+V’ there is no as- 
sumption about the P transformation of the four fields which will preserve 
the invariance of H. It is just by assuming combinations such as these, that 
Lee & Yang (9) first predicted the asymmetries that were later observed in 
Co®*, etc. 

This being the case, there clearly is no criterion to decide which is the cor- 
rect P for the neutrino field, since the neutrino only appears in weak inter- 
actions. Comparable ambiguities appear in the parity of the strange particles, 
owing to nonconservation of parity in their decay processes. 


3. TIME REVERSAL 


3.1. Time Reversal.—The classical equations of motion of a dynamica! 
system possess the property of time reversibility, which has played, in the 
past, a considerable role in discussions about fundamental principles in 
statistical mechanics and thermodynamics. 

That the laws of quantum mechanics possess a similar property can be 
seen most simply in the case of the nonrelativistic time-dependent Schrédinger 
equation where one verifies easily that, if Y(x, #) is a solution, then 
W'(x, t) =*(x, —2) is also a solution representing, in general, a wave packet 
whose density distribution performs the time reversed motion by comparison 
with the density distribution of the wave packet y. 

Considering the transformation “‘at a given time,” say /=0, one will say 
that 

v(x) = ¥*(x), 44. 
represents the time reversed state with regard to y. 

In analogy with Equation 2’ one anticipates that, quite in general, it will 

be possible to define some operator T which transforms a state W into the 


‘time reversed state’”’ 
vy’ = Ty. 45. 


This time reversed state must have the property that, in it, momenta and 
angular momenta have the opposite sign, while positions remain unchanged; 
all of which must be understood in the same sense as similar statements 
made for P. 
It is now important to notice, that, even in the elementary case above, 
T is obtained so simply by complex conjugation only because of the particu- 
lar representation used. If, for example, one considers the Fourier transforms 
(wavefunctions in momentum space) $(p) and $’(p) corresponding to ¥ and 
W’ one has 
o'(p) = o*(—p) 46. 
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where, in addition to complex conjugation, one has the transformation 


$(p) -(—$). 


The generalization which is necessary to cover all cases has been indicated 
by Wigner (1). One may notice that, unlike the other transformation opera- 
tors one usually meets in quantum mechanics, the T-transformations, Eq. 
44 and 46, are nonlinear. They possess, however, a property very similar to 
linearity; namely, when T is applied to a linear combination of two state 
vectors ¥ and 2 with coefficients c; and cz one has 


T (expr + cae) = g* Ty + c2*T Yr. 47. 


One says that T is ‘‘antilinear.’’ For comparison, the equation for a linear 
operator U is 


U(err + coe) = aU + CU yr. 48. 
At the same time Eq. 44 or 46 preserves the norm of y, i.e., 
(Ty, Ty) = , ¥). 19. 


Later it will be seen, that for all time-reversible systems a T-operaior 
with the properties 47 and 49 exists. Such an operator is called antilinear- 
unitary or, more briefly, antiunitary. It is easy to see that such an operator 
transforms the scalar product of two state-vectors as follows:'® 


(Tyi, The) = (Ye, v1) = Yr, ¥2)*. 50. 
From Eq. 48, 49, and 50 one can easily infer that T must be of the form 
T=UK 


where U and K are defined as follows. Expanding y¥ in a complete set of ortho- 
normal states, Y= Don Cnn, One may say, as usual, that y is a vector with 
components ¢;, ¢, ** +, and write symbolically 


Y = (G, C2, G3, ° °°). s 


We may then define a complex-conjugate vector Ky as the vector with the 
complex conjugate components 


Ky = (c:*, co*, ca*, ++ *). 53. 
We further have, because of Eq. 47, 
Ty = > Cn* Tn 54. 


where the states Ty, Ty2, +--+ also form, as a consequence of 49 and 50, 
an orthonormal set. One can also argue that the 7-transformation must 
possess an inverse J—! (which is essentially T itself, see later), so that the 
set Ty, Ty, +++, must also be complete and, hence, is connected to the 
original set Yi, Yo, +: + , by a transformation 


© To prove Eq. 50 apply the unitarity conditions successively to yy =yi+y2 and 
¥ =i +2 remembering Eq. 47. A more general and rigorous proof of the antilinear- 
unitary nature of the T-operator will be found in Wigner’s work (1). 
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Tyra = Us = 5 VnUmn 
where the matrix U is unitary 
vu' = Ut =1. 56. 
This completes the definition of U and K. Eq. 54 may now be written 


Ty =X esta = U ( r cnn) = UKy, 


which constitutes the proof of 51. 

The reader should notice that the definition 53 of the complex conjugate 
of W is tied to the particular representation used. This is, however, unavoid- 
able. A more natural definition might seem to be ¥*= )oc,*y,*, but this 
leads to a vicious circle, since one must say what y,* means. If one changes 
representation, i.e., uses a new orthonormal set y’, Yo’, -- +, the rule 53 
defines a new operation K’ which is in general different from K; one has 
K’=VK, where V is a unitary transformation; this need not affect T, as V 
can be ‘‘absorbed”’ into the factor U. 

3.2. Applications and validity of T-invariance-—Time-reversal considera- 
tions have numerous applications in nuclear physics, which space does not 
allow us to discuss. An example is the theorem on static dipole moments, 
mentioned at the end of Section 2.2. The consequences of 7-invariance 
generally appear in the form of connections between inverse processes and 
phase-relations between matrix-elements or emission amplitudes. 

Suppose one has a matrix element (A|Q| B) of a certain operator Q, 
which may be, for example, a small perturbation Hamiltonian producing 
a transition from B to A. Very often the time reversed operator 2’ = T“0T 
will be related to 2 in some simple way, such as 2’ = +. Similarly, the time 
reversed states |A’)=T7| A) and | B’)=T|B) will be related to the original 
states in some simple manner; for example, if A belongs to a set of states 
describing free particles with variable momenta, A’ will be a state of the 
same set, with reversed momenta. A slightly more complicated example will 
be considered below. 

Now consider the matrix element of 2 between the time reversed states 
(A’|Q| B’); one sees, by applying theorem 50 to the states ¥i=|A) and 
¥2= T—0| B’), that 

(A’| Q| B’)* = (A’| TTQ| B’)* = (A| T0| B’) 
= (A| T“2T| B) = (A| 9’ | B). 57. 


This connects, then, the complex conjugate of a matrix element of 2 toa 
matrix element of ’. In certain cases | A) and | B) may be eigenstates of T 
(e.g., discrete stationary states with J, =0 belong to this category) ; for exam- 
ple, | A’)= | A), | B’)= | B). Then according as 2’ = +, one has proved by 
means of Eq. 57 that (A | Q| B) is real or alternatively pure imaginary. 

Such reality conditions occur, for example, in mixed electromagnetic 
transitions (10). 
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In other cases Eq. 57 is used to prove equalities between the probabilities 
of inverse processes. A particularly simple formulation is obtained by means 
of the scattering matrix S. One finds then that 


S' = TST = S = SI. 57’. 


This gives rise to various theorems on scattering (11, 11a, b, c). 

These numerous consequences depend, of course, on the assumption that 
T-invariance is valid. The evidence with regard to strong interactions has 
been re-examined by Henley & Jacobsohn (12). Various tests of T-invariance 
in weak interactions have been suggested (13, 13a, b, c), but no violation of 
T has been observed to date (14, 14a, b). 

3.3. The time reversal operator, formal theory.—The discussion here can 
be carried on in complete analogy to our earlier discussion of P, if time- 
reversibility is defined as invariance of the laws of a system against the trans- 
formation from the four-dimensional coordinate system x, ¢t to the system 
x’, t’ defined by 


v=x, ¢=—t. 58. 


In this case the observer O’ uses the same space axes, but a clock running 
backwards! One may then define the time-reversed state as the state which 
is described by O’ in the same way as the original state is described by O. 
Let us now examine again as an example the Hamiltonian Eq. 11. The 
classical connection between variables in the two systems is obviously 


x=x', p=-—f)’, s=-s’ 59. 


where the variables x, p, s are regarded as functions of ¢t, and x’, p’, s’ as 
functions of ¢’=—t. One now notices that the substitution 59 leaves the 
form of the Hamiltonian 11 unchanged, as desired; one also notices that, 
together with the time transformation 58, it leaves the form of the equations 
of motion unchanged, as desired; for example, 


One notices, however, that 59 is ‘‘anticanonical,’’ i.e., if it is regarded as 
a connection between the operators or matrices representing x, ---, s’, the 
commutation laws, 12, for the primed variables come out with the wrong 
sign! 

At first sight this might seem to wreck our invariance proof, but it is really 
only another facet of the odd nature (i.e., antilinearity!) of the time-reversal 
operation. Usually, two sets of matrices are defined as ‘‘equivalent’”’ if they 
are obtained from one another by the scheme 


x— U3xU 60. 


where U is a unitary matrix. Let us, however, introduce the idea of ‘“‘anti- 
unitary transformation” 


x— TxT 61. 
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where J is an operator of the form 51. The reader may convince himself 
easily that it is perfectly legitimate to treat the symbol K as an ordinary oper- 
ator acting on state vectors and write, for example, 7~!'=K-!U—. The in- 
verse of the operation 53 is, however, identical with K itself, i.e., 


K=K- or K?=1. 62. 


If the reader has any difficulty with this symbolism, he may think of an 
n-dimensional complex vector ~=(cic2- ++, Cn) as a 2n-dimensional real 
vector W=(aid2* ++, Gn; bib - - - , bn), where each component ¢, =a,+%b, is 
replaced by its real and imaginary parts. The whole matrix scheme can, of 
course, be transcribed in this real 2n-dimensional notation. K is now a linear 
orthogonal transformation ~—-(a@2-++ dn; —bi, —be,+-+, —bn) and 
notations such as 62, etc. become perfectly normal. 
Now transformation 61 may be decomposed into two steps; the first is 


x— KxK- 63. 


and the second step is of the “‘ordinary”’ type 60. One may, therefore, limit 
himself to examining what happens to the ordinary matrix scheme of quan- 
tum mechanics when the transformation 63 is applied. Actually, all that 63 
means is that every matrix element is changed to its complex conjugate 
value. Obviously all the commutators, Eq. 12, change sign. When 63 is 
applied to the basic time-differentiation law, Eq. 13, it becomes 


< = — i[H, Q]. 64. 


This change, together with the sign reversal of the commutators, means that 
the Hamiltonian equations of motion remain unchanged! All this boils down 
to the rather trivial remark that if in all the fundamental equations of 
quantum mechanics the imaginary unit 7 is changed to —#, none of the 
physical results are altered. 

This is, however, precisely all that is needed, in order to assert that the 
transformation Eq. 59, regarded as operator equalities, define two equiva- 
lent schemes in the two systems of reference! Analogously to our pro- 
cedure in the case of P, one may argue that, since 63 transforms x, p, and s 
into matrices obeying the same commutation laws as x’, p’, s’, there must be 
a unitary matrix U which, combined together with K as in 51, effects the 
transformation 


T-xT = x’ =x 
T-\pT = p'= —p 65. 
TsT = s' = —S. 

Now, let us assume that we work in the customary Pauli representation, i.e., 


that y is a two-component wavefunction in configuration space. Then K 
alone already satisfies the first two Eq. 65. Therefore, the matrix U need 
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only operate on the spin index, i.e., it is a 2 by 2 matrix satisfying 
U-sU = — s* 66. 


where the components 5, =(1/2)o, are the customary Pauli matrices. One 
easily sees that the matrix 


0 1 ; 
U= C, 3) = ioy 67. 


and only this matrix (apart from an arbitrary multiplicative constant) satis- 
fies Eq. 66. The connection with the y-axis is, of course, purely accidental; it 
is easy to see that U does not depend on the particular representation used 
for the Pauli spin matrices. 

In conclusion the time-reversal operation of the Pauli 2-component wave- 


function is r 
rs as ( ¥2 ) ; 68. 
y2 —y* 


The meaning of 68 may become more clear as follows: first, the complex- 
conjugation sign reverses the sign of the linear momentum; then since lyn| : 
and | Po| 2 are the probabilities for spin up and down respectively, and since 
time reversal interchanges the two situations, T must also involve an inter- 
change of y and yz. Finally, one of the two components must change sign, 
because T must also interchange the probabilities for spin parallel and anti- 
parallel to the x-direction, which are given by (1/2)|yr +e 2, or in the y 


direction, which are given by (1/2)|yi¥ ipo| 2. 

Before proceeding to other examples one notices an important property 
of the T-operator. Repeating time-reversal twice must lead back to the orig- 
inal state. Therefore, T43/=a) where c is a multiplicative constant. If this 
constant were different for two different states y: and Ye, then T?(¥i1+y2) 
=cwWitcuye would not be a multiple of ¥it+ ye; therefore, c must be inde- 
pendent of y, i.e., T?=c1, a multiple of the unit matrix. Now, from Eq. 51, 
T?= UKUK=UU*=cl1 or U=cU*—!. Now U is unitary, hence U*~!= U’, 
the transpose of U. So finally, U=cU7 and transposing both sides U? =cU 
=c?UT from which c?=1. Thus the only two possible values for T? are 


r=1 69. 


which is satisfied by Eq. 44 for a spinless particle, and 
T? = —1 70. 


which is satisfied by 68 for a spin 1/2 particle, and more generally, as Wigner 
pointed out, by a system with an odd number of spin 1/2 particles, e.g., a 
nucleus with odd A. The reader should take careful note of the fact that 
multiplication of the matrix U by a phase factor e® will not alter the value 
of UU*=T?. The difference between 69 and 70 is an intrinsic one. 

3.4. T for the electromagnetic field——One may proceed as in Section 2.4. 
In order to preserve Maxwell’s equations under time-reversal, without 
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changing the sign of electric charges, one must leave & unchanged and re- 
verse the sign of 3; hence 


TE ;(x)T = &;'(x) = &;(x) 
T7HC;(x)T = KH; (x) = — KH; (x) 


71. 


which, of course, leaves the Hamiltonian invariant. It is easy to see, by 
methods similar to those of Appendix B, that T transforms a one-photon 
state into a one-photon state of opposite linear momentum, without inter- 
changing right-circular with left-circular polarization. 

3.5. T for Dirac particles—This case will be examined starting right 
away from the g-number theory. There are several new features of interest 
in this case. First of all, the anticommutation laws, 30, do not contain the 
imaginary unit 7; hence, they will not tell us whether T is linear or antilinear. 
For the reasons already mentioned (see footnote 10) we shall proceed, how- 
ever, on the assumption that it is antilinear as in the other cases. 

Dirac’s equation for electrons in the presence of an electromagnetic field 
is written 


= +e w+ imp) ¥ = tele — Vv 72. 


where V is the scalar and A is the vector-potential of the field. The assump- 
tion is that the Dirac field y’ in the time-reversed coordinate system is con- 
nected to W by a “‘suitable”’ linear relation y’ = uy, which is chosen in such a 
way that the Dirac wave equation and the corresponding equation satisfied 
by W’ have an ‘‘equivalent”’ form. Here, we must say equivalent and not the 
‘“‘same form’’ because the equations contain the imaginary unit, which must 
change sign from one system to the other! Hence 


7 +a*-y’ — imp") v' = ie(a*- A’ — V')y’. 


However, in view of the Equations 71 one must write V’=V, and A’=—A 
(for ¢’=—t, of course). Furthermore matters are simplified by using the 
Majorana representation a* =a, B* = —8. Finally, since t’ = —t, x’=x 


(-= +a-V+ imp) y’ = ie(a-A+ V)y’ 73. 


which differs from 72 only in the sign of the terms not containing a or 8B. 
One infers that the matrix uw must anticommute with a and 8. The only such 
matrix (apart from a factor) is pp=7ya7ys (see App. A). Therefore, we shall 
write (for t=0) 


T-Y(x)T = W(x) = p(x) 74. 
The hermitean conjugate of this equation (compare Eq. 32) is 


T-y"(x)T = patyt(x) = vl (x)on. 
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Using p2?=1 one sees that the anticommutation laws 30 are indeed left un- 
changed. From Eq. 37 one sees that 


TT = p' = o'r) = p 76. 
Th T- = jr’ = eb'pron*on) = — jr 77. 


(a,* =a, was used) which is as it should be and fits in nicely with (71). 
The really interesting point is the Hamiltonian. For simplicity only the 
part relating to the free field will be written 


H = -i [ We-w + impds, 78. 
Notice the z in front! Therefore, the ‘‘equivalent’’ Hamiltonian 
THT = +3 f vey + impy’dx 79. 


has the opposite sign. However, with 74 and 75, and using prape=—a 
p28p2= —B one has 
THT = H 80. 


which proves the invariance of the Hamiltonian. 

Finally let us examine, as in the case of parity, the connection between 
“big’’ T, the operator for the full-scale g-number Dirac theory, and ‘“‘small”’ 
T the time reversal operator which connects the ordinary (‘‘c-number’’) 
wavefunctions of a state and of the time-reversed state. Let |a) be a one- 
particle state, as in Appendix B. The corresponding Dirac wavefunction 
is, at time 0 


fa(x, 0) = (| ¥(x) | @). 81. 


The wavefunction of the time-reversed state may be written in the same 
way as a matrix element of ¥(x) between the time reversed states T| a) and 
T| y=|), the latter being the usual convention (compare Eq. B.9, etc.). 
Hence, from the theorem Eq. 57 


fa! (x) = {| W(x) | @)* = [pafa(x)]}* = — prfa*(x). 82. 


The reason why in the case of time-reversal, contrary to the theorem of Ap- 
pendix B, the transformation law for the c-number wavefunction is slightly 
different from the transformation 74 of the g-number wave function lies, of 
course, in the complex conjugation sign in 82, which is required by the anti- 
linear nature of 7, when the Dirac wavefunction is regarded as a state 
vector! 

The reader should carefully remember that many of the equations 
written are valid (without modification) only in the Majorana representa- 
tion. Eq. 82 is an example; this explains the lack of any apparent connection 
between it and the transformation law for the Pauli 2-component wave- 
function, Eq. 68. In Appendix A it is shown, however, that 82 implies pre- 
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cisely the transformation 68 for the “‘large’’ components. Thus, one may say 
that 82 reverses the linear momentum and the spin direction of the particle, 
as of course it must. Another way of verifying this, is to consider a state of 
definite ‘‘helicity,’’ i.e., an f. such that 
p-@fa = — i8-Vfa = fa 

where e= +|p]|. Then, since ¢ and pz commute and ig is a real matrix: 

p-Gfa' = — p2x(—id-Vfa)* = efa’. 
The time reversed state has the same helicity, as expected! 

3.6. Interacting fields —The invariance of other schemes involving inter- 
acting fields can be discussed by means of the transformation laws 71, 74, 
etc. in a manner analogous to Section 2.7. The only point to remember is 
that the complex conjugation implied by T also changes every coefficient 
into its complex conjugate, whereby the reality properties of the Dirac 
matrices in the Table of Appendix A will have to be used. In this way it may 
be seen, for example, that the 6-decay interactions, Eq. 42 and 43, are 
T-invariant provided C, and C,’ (and more generally the customary 10 
constants) are real. If, as is rather likely, the neutrino has strictly zero mass, 
a further invariance property of the theory (15, 15a, b, c) which shall not be 
discussed here, allows one to show that the invariance of the 6-decay 
theory under time-reversal may be formulated in a somewhat less restrictive 
form (16). 

4. CHARGE CONJUGATION 


4.1. History.—lIn earlier days a fundamental difference or asymmetry 
was thought to exist between the two kinds of electricity, positive and nega- 
tive, an asymmetry which, to be sure, does not show up in the known laws 
of electromagnetism, and was assumed, therefore, to lie deeper, in the as yet 
unknown laws which determine the structure and properties of the ele- 
mentary particles. 

This belief was struck at the core by the discovery of the positron. Not 
only did the positron appear as the exact counterpart to the negative elec- 
tron; it also fulfilled one of the boldest predictions of the Dirac theory of 
the electron, and thus considerably enhanced the weight of the argument on 
which the prediction had been based. That argument was the charge conju- 
gation symmetry of Dirac’s theory, which was later formulated more pre- 
cisely by Majorana, Heisenberg, and Kramers. When shortly afterward the 
same symmetry was found to be a feature of other field theories, such as the 
Pauli-Weisskopf Scalar theory and was confirmed by the discovery of the 
u* and w* charge-conjugate pairs, and more recently by the discovery of the 
antiproton, it became one of the fixed canons of elementary particle theory. 
We shall see, however, that even more recent developments indicate a more 
complex situation. 

4.2. Charge conjugation in Dirac’s theory of the electron.—Let us consider 
for a moment the Dirac equation 72 as the c-number theory for an electron 
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in an external field. The charge-symmetry of the equation can be exhibited 
most simply (but not necessarily) by using a Majorana representation of the 
matrices a and 6 (see App. A). By paying attention to the reality of a and 
78, one then finds that the complex-conjugate py’ =y* of the wave-function 
W obeys the equation 


re) 
— + a:w+ imp) W’ = — ie(a-A — V)y’ 83. 


which is identical with 72 except for a reversal of the sign of e. Solutions of 
Eq. 72 and 83 associated by the rule y’ =y* are called ‘‘charge conjugate 
solutions,” and it is important to notice that if y is a positive energy solution 
(y~e-*#!, E> 0), then’ is a negative energy solution, and vice versa. 

These remarks, as is well known, play a vital role in Dirac’s hole-theory, 
where they are used to show that a ‘‘hole’”’ in the ‘‘sea’’ of normally occupied 
negative energy states will behave like a particle of charge —e in a positive 
energy state. The theory definitely predicts that such ‘“‘holes’’ will be pro- 
duced under suitable circumstances, but it is not immediately apparent that 
holes must have the same mass as electrons.!! Dirac’s hole theory is, in fact, 
at first sight quite unsymmetrical in the two particles, and one may wonder 
whether effects due to the interaction of the electron with the infinite ‘‘sea’”’ 
of electrons in negative energy states, and of the latter amongst themselves, 
could not affect the masses of electron and hole so as to make them quite 
different. 

We shall prove now that the theory is actually quite symmetrical, so 
that, for example, the same results would be obtained if the positron were 
regarded as the basic particle, and the electron as a hole in an infinite sea of 
negative energy positrons. 

In order to do this, let us go back to the method of second quantization. 
Let us now assume that there is no external field, but take into account the 
electromagnetic field generated by the charge- and current-density of the 
Dirac field Eq. 37 by the assumption that, in Eq. 72, V and A are operator 
solutions of Maxwell’s equations representing this field. Eq. 83 is still a 
consequence of 72, but since y is an operator we shall write y’ =yt. 

Before writing the expressions 37 on the “right-hand side”’ of Maxwell’s 
equation, one must, however, according to Dirac’s well known prescription, 
subtract from p(x) an infinite negative constant po, representing the physically 
meaningless infinite charge density of the negative sea. By counting the 
number of negative energy states per unit volume one gets easily an expres- 
sion for po as an integral in momentum space 


po = (¢/4n*) f ap. 


One easily sees that essentially the same integral is involved in the value of 


4 At one time Dirac even thought that they might be identified with protons! 
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the second anticommutator, 30, for x=y, which is also obtained by counting 
states in momentum space; in fact one can show that 
ep = 4D lim {¥p(x)vp"(y) + ¥o"Wvo(x)} = a{v(xw'(x) + v" ave). 
ap t=y 
Therefore, after subtracting po, the expression for the charge density becomes 
p(x) = dely"(x)v(a) — va"(x)] 84. 


In the case of the current-density one could argue that the corresponding 
infinite constant vanishes for symmetry reasons (all directions in space 
being equivalent), but it is nevertheless desirable to perform an “‘anti- 
symmetrization” as in 84 by subtracting from j, the quantity 


(1/2) > (ax)ooWpbe! + vod) = (1/2)5(0) > (ar) pp = 0 
po p 


(remember Tr a; =0). One finds 
Iulx) = del (xbaup(x) — ¥(x)oxy"(x)] 85. 


where use has been made of the fact that a, is symmetric (see Appendix 1). 

Now it can be seen that the theory has become quite symmetric in field 
y and “‘antifield” y’=yt. One could start equally well from 83 regarded as an 
equation for a particle of charge —e, and write the corresponding expression 
for the charge density —ep’ty’, adding, instead of subtracting, the infinite 
constant po. The result would be equivalent to 84. The same symmetry may 
be shown to exist in the Hamiltonian, the total momentum, etc. (all of which 
will not be discussed in detail here), so that the complete symmetry of the 
theory with respect to particles (electrons) and antiparticles (positrons) is 
apparent. 

This further suggests that it must be possible to define an operator C 
which transforms any state containing m electrons and m positrons, in the 
sense that every electron (positron) is changed into a positron (electron) 
without changing its position, momentum, or spin, and without affecting 
the total energy, momentum, etc., of the whole system. A similar operator 
should exist for other Dirac fields, proton-antiproton field, u-meson field, etc. 

That this is indeed the case follows from the fact that y and y’ obey the 
same anticommutation rules. From this one infers the existence of a linear 
unitary operator C such that (in the Majorana representation) 


CV(x)C = v(x) = ya) 86. 
which equation is meant to hold for each component of W separately. The 
hermitean conjugate of Eq. 86 is 

Cyl (x)C = yx). 87. 


One now sees immediately, by means of the customary sequence C~YtyC 
=CWiCC-WC etc., that C reverses the sign of the charge and current 
density, 84, 85 


Cp(x)C = — p(x) 


C7Yi,(x)C = — je(x). ” 
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In proving the latter equation one has to use the fact that the matrix a, is 
‘symmetric.’ Because of the change in sign of charge and current, also the 
sign of the electromagnetic field must change 


C7V(x)C = — V(x); C-1Az(x)C = — Ax(x). 89. 
One can show, then, that the total energy is invariant 
C“HC =H 90. 


so that C is a constant of the motion! 

4.3. Charge coniugation in other theories —These ideas can be extended 
to other theories. For example, for a spinless charged particle, described by 
a scalar or pseudoscalar complex field ¢6=¢,+i¢2, one finds that C must 
transform @¢ into of =, —i¢»; that is 


CoC = hi; ChoC = — dr. 91. 


One can show that this reverses the sign of the current four-vector, as in 
Eq. 88. These equations will apply, for example, to the charged a-meson 
field. 

It is now very important to realize that a charge-conjugation operator 
may be considered also for neutral particles. If C exists in general, one may 
ask, for example, what happens if C is applied to a one-neutron state. The 
result ought to be a particle of the same mass, momentum, spin, etc. For 
consistency with Eq. 88 and 89 one must assume, however, that the mag- 
netic moment is reversed. The particle, therefore, must be different from a 
neutron; the field describing this ‘‘antineutron”’ will be related to the neutron 
field by formulae exactly similar to 86. 

On the other hand, a neutral spinless particle such as the 7° need not have 
an antiparticle. There is at present no evidence contrary to the assumption 
that the 7° is the charge conjugate of itself. One may assume that the cor- 
responding field @» is hermitean and transforms according to 

CooC = do 92. 
i.e., like g:. An alternative possibility would be to assume that po transforms 
like @2; the reason why 92 is chosen is that the transformation laws 91 and 
92 leave the ‘‘charge-independent”’ interaction Hamiltonian of Section 6.4 
invariant. 

4.4, Eigenstates of C-—It is possible to show, by the same arguments used 
for P, that one can assume 

C? = 1. 93. 


Hence, if a state | x) is an eigenstate of C, the corresponding eigenvalue 
must be +1. 


Cla) = + |a). 94, 


It is clear, however, that a system can be in such a state only if it is neutral. 
More than that, a state which is transformed into itself by C must contain 
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equal numbers of electrons and positrons, of protons and antiprotons, etc. 
Such systems are not very common, but interesting examples are positronium 
and the similar system consisting of a proton and antiproton, and finally 
systems consisting only of photons and 7°’s, which are self-conjugate parti- 
cles. When such systems having a definite value +1 for C make transitions, 
C cannot vary (see Eq. 90). Selection rules arising from conservation of C 
have been studied by various authors (17, 17a, b). 

The method by which one can decide which value of C belongs to a speci- 
fied state of such a system, for example, a state ls) of positronium, will be 
sketched by examining the symmetry properties of the wavefunction 
f(x, y) Eq. 34. The state may, of course, be classified as |S, 4S, 1P, *P, - - - 
etc., i.e., by means of an orbital quantum number /=0, 1, 2, - +--+ and a total 
spin S=0, 1. The symmetry or antisymmetry of f;(x, y) with respect to an 
interchange of spin and space coordinates is then determined by the factor 
(—1)8+1, Now consider the state |¢’)=C|{); the corresponding wave- 
function is, writing spin indices explicitly 


fer(xp; yo) = (| vo! (yWp(x)C| ¢) 


where one can, as usual, replace (| by (| C~! and insert CC-! between yt and 
y, so that? 


f'(xp, yo) = (| voy Wo" (a) | $) = dped(x — y) < | £) 
— (| ¥o"(e)vely) | ) = — felyo, x0) = (—1)'*8fe(xp, yo). 
One may conclude, therefore, that 
C = (—1)"*8, 95. 


The result is the same that one would obtain if one were to consider electron 
and positron as two states of the same particle to be distinguished from one 
another by an additional two-valued index (a ‘‘charge’’ variable x = +1) 
similar to a spin index. In fact, formally one could consider y and yt as the 
two components of a field y,, and could extend the definition 34 to give a 
wavefunction of the system antisymmetric with respect to simultaneous 
interchange of space, spin, and charge variables of the two particles. One 
could then say that the wavefunction must either be the product of a sym- 
metric function of the space and spin variables by an antisymmetric function 
of the charge variables or vice versa. The argument is a familiar one. C inter- 
changes the values of the charge coordinates of the two particles, and clearly 
C=-+1 for a ‘charge symmetric” and C= —1 for a “charge-antisymmetric”’ 
state. The argument leads, of course, again to Eq. 95. 

The value of C for one, two, - - + photon states is easily obtained by 
similar methods. A one-photon state, for example, may be generated by 
applying an electric or magnetic field operator to the vacuum state, e.g., 
E(x) | ). In a very loose sense, this may be said to be a photon at position x 


#2 The term (| ¢) in the equation can be set equal to “zero,” since positronium and 
the vacuum are mutually orthogonal states. 
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and polarization k. One can further superpose such states with a weight func- 
tion f(x, k) where a is an index designating the one-photon state 


| a) = 5 ff fats, Wa*eEx(2)|) 96. 
Now by means of 89 one sees at once that 
Cla) = — Xf fate, k)d*x&x(x) |) = — |). 


More generally a state of m photons will require m field-factors in front 
of the vacuum state. Each of these changes sign when C is applied, so that 


C= (—1)* 97. 


for such a state. From such considerations one deduces, for example, that 
the 4S state of positronium has C= +1 from Eq. 95, and can decay into two 
but not three photons, while the *S state can decay into three but not into 
two photons.'* Many selection rules of this kind have been derived. 

4.5. Violations of C-invariance——As is well known, the experiments on 
B-decay indicate that not only P-, but also C-invariance is violated. A direct 
indication of this is, for example, the fact that the positive and negative elec- 
trons emitted in ywt-resp. w--decay have opposite longitudinal polarization. 
The evidence from ordinary 6-decay is based on easier and more accurate 
experiments, but is somewhat less direct. The charge-conjugate picture of 
an ordinary nucleus undergoing 6--decay would be an antinucleus under- 
going 8t-decay, which is not easily come by. 

One can, however, take the reasonable view, that if C were strictly valid, 
then also 7P would be conserved (see later, CPT theorem) (this is, of course, 
automatically true if one assumes that 6-decay is correctly described by a 
linear combination of the customary ten invariant interactions S, P, --- ; 
S’, P’, + ++ of which 42 and 43 are two examples). Since TP does not in- 
volve a change from nucleons to antinucleons, it is immediately plausible, 
that it can be tested on 8-decay of ordinary nuclei. A theorem by Lee, Yang 
& Oehme (18) shows that if one neglects the effect of the Coulomb field 
on the outgoing electron waves, then TP conservation would be sufficient to 
prevent us from detecting parity-violation in experiments like the B-decay 
of polarized nuclei or the longitudinal polarization of B-rays. A more direct 
calculation (9) shows that the observed effects are too large to be accounted 
for by Coulomb effects, and thus clearly indicate violations of C-invariance. 


5. THE CPT-THEOREM. CP-INVARIANCE 


By combining together the operators C, T, and P one obtains an opera- 
tion which reverses simultaneously the sign of all four space-time coordinates 
and changes each particle into its antiparticle. Such an operation has a 


8 Decay of %S into two photons is also forbidden by conservation of angular 
momentum [see Yang or Landau (7, 7a)]. 
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particular simplicity, in that it commutes with every proper homogeneous 
Lorentz transformation. 

It was first recognized by Liiders (19, 19a, b, c), that while it is easily pos- 
sible in the ordinary schemes of relativistic field- theories to write interactions 
which violate either C- or P- or T-invariance, or a combination of two of 
these such as CP, it is not possible to do so for the product of all three, or 
CPT. The theorem does not state that a relativistically invariant theory 
which violates CPT is strictly impossible; but it would have to be a theory 
very different indeed from any of the present schemes (20). If CPT-invari- 
ance is granted, which at present seems a very reasonable assumption to 
make, it becomes a very useful tool in analyzing processes, such as K-, A- or 
>-decay, about which little is known a priori (18, 18a, b; 22). For all questions 
concerning strange particles consult (21, 21a). An immediate consequence of 
the theorem is that many of the statements one makes about particles and 
antiparticles do not really depend on the exact validity of C-invariance. For 
example, applying CPT to a state of a particle with an exactly defined four- 
momentum 9, one gets a state of the antiparticle with exactly the same four- 
momentum ~. Hence, the particle and antiparticle have exactly the same 
mass; there is, of course, in this argument a qualifying assumption, namely, 
that the “‘particle’”’ has an exactly defined mass to begin with. Another simi- 
lar property which is also subject to some qualifications is that an unstable 
particle has the same half life as its antiparticle (18, 21). 

Another consequence of the CPT theorem is that invariance under any 
of the three operations implies invariance with respect to the product of the 
other two. This has already been mentioned in the discussion on C-violations. 
As another example, 7-invariance should have the same consequences as 
CP-invariance, which has been studied in detail by Feinberg (23). 


6. Isotopic SPIN 


6.1. Charge symmetry and charge independence.—Already a cursory ex- 
amination of the systematics of isotopes suggests strongly the existence of a 
basic symmetry between neutrons and protons, which is quite prominent 
in the early part of the periodic system, and becomes less and less manifest, 
as the atomic number increases. From a quantitative point of view, the study 
of light ‘‘mirror nuclei,’’ such as H* and He’, or Li? and Be’, etc., is particu- 
larly significant. It appears that the difference in binding energy between 
the ground states of two mirror nuclei is entirely accounted for by the 
presence, in the Hamiltonian, of the ‘Coulomb energy term,”’ which dif- 
ferentiates neutrons from protons. The most natural interpretation of these 
facts is the assumption that the short-range interaction between two 
nucleons, which is left after the Coulomb force and other smaller electro- 
magnetic effects are omitted, is completely invariant against an interchange 
between neutrons and protons. This means not only that the n-mn force is 
equal to the p-p force, but also that the n-p force is symmetric with respect 
to a simultaneous interchange of the position- spin- and velocity-variables 
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of the two particles. The most sensitive tests of this ‘‘charge-symmetry” 
hypothesis are perhaps given not so much by the comparison of levels in 
mirror nuclei as by experiments that look for reactions which violate a 
selection rule which follows from the hypothesis (24, 24a). 

A more far-reaching symmetry hypothesis is known as ‘‘charge-inde- 
pendence.”’ It has its origin in the early observation of a nuclear phase-shift 
in the 1S-state in p-p scattering at energies of the order of 0.1 Mev toa few 
Mev. Remarkably, this phase-shift, after allowance is made for minor effects 
due to the Coulomb interaction, turns out to be quite accurately equal to 
the 1S phase-shift in n-p scattering. 

When this fact became known, the existence of a more general law was 
suspected (25, 25a, b), which can be stated most simply, but somewhat am- 
biguously, by saying that the short-range interaction between two nucleons 
is ‘independent of their charge.’’ To appreciate fully the meaning of this 
statement, one must recall that in order to represent all the known experi- 
mental facts one has been led to consider interaction potentials of a rather 
wide class, involving a dependence not only on the distance 7:2. between the 
two nucleons but also on their spin matrices o; and 2, and involving further- 
more exchange operators (i.e., exchange of space- or spin-coordinates, or of 
both) and velocity-dependent terms (l-s terms, for example). The charge 
independence assumption may now be formulated more precisely by saying 
that if an interaction Hamiltonian of the above specified type for two parti- 
cles 1 and 2 is found which represents correctly the n-p force in all possible 
states (1S,1P,1D, +--+ ;4S,3P,8D, +--+), then this same Hamiltonian repre- 
sents correctly the p-p and n-n force in the states 1S, *P, 'D, - - - which are 
allowed by the exclusion principle." 

It is rather obvious that charge independence implies equalities between 
levels of isobars (not merely of mirror nuclei!). Very roughly speaking one 
may say that if the nucleus Az (with Z protons and A-Z neutrons) has a 
state of a certain energy, and if the configuration of this state (more pre- 
cisely, the symmetry of the wavefunction) is such that one is able to replace 
one of the neutrons by a proton, without violating the Pauli exclusion prin- 
ciple, one must then obtain a state of the same energy, for the isobaric 
nucleus A z41). If the operation can be repeated one obtains a state for the 
nucleus A (z4») and so on. In this way states of isobaric nuclei associate them- 
selves into multiplets. (For example: the ground states of C and O" and 
the excited state of N“ at 2.3 Mev excitation constitute an “isotope triplet.’’) 

These considerations must now be formulated more precisely. Let parti- 
cles 1 and 2 be a proton and neutron respectively and V(1, 2) their inter- 
action. Let us consider an orthonormal set 


1, U2, Us, °° * 98. 


of individual particle states, and product states f=(nm), i=(rs) for the n-p 


4 This implies in particular that the Hamiltonian is symmetric in the two particles, 
as already required by the weaker assumption of charge symmetry. 

















INVARIANCE PRINCIPLES OF NUCLEAR PHYSICS 


system. The interaction Hamiltonian has matrix elements 
| 818) — Vein f thn*(1) thm *(2)V (1, 2) tty(1) 265(2) 99. 


where the integral means integration over the space and summation over the 
spin variables of particles 1 and 2. One notices that, since V(1, 2) is symmetric 
in 1 and 2, one has 


Veanier = V amze- 100. 
Now let 1 and 2 be two protons (or two neutrons). The charge-independent 


interaction may be represented by the same function V(1, 2). The wave- 
function for the state 7=(rs) may now be written™ 


(1/2) | te (1)tte(2) — ate(1)t4r(2) } 101. 
and similarly for f=(n, m). Then 
(f |H |i) _ V amsre = V amir 102. 


where the result has been simplified by means of Eq. 100. 

Let us describe protons and neutrons, respectively, by two fields ¥,(x) 
and W,(x). Each of these fields by itself must obey the customary anti- 
commutation rules (see Eq. 30); furthermore, one may assume that they anti- 
commute with each other 


Yo(xWvnly) + ¥ayWo(x) = 0 
Yo(xvn'(y) + vn! (yWo(x) = 0 


etc. The positive energy part of W, (or alternatively y,) may be expanded 
with respect to the set 98, the coefficients being proton-(neutron) destruction 
operators a,(b,). One need not be concerned for the moment with the nega- 
tive-energy part of the field, which contains antinucleon-creation operators. 
Then the Hamiltonian, having matrix elements 99 for the n-p system, may 
be written 


103. 


Hap = D, VamireOn'dpbm'by = — EV nmireOn'Om'azby 104. 


where the summation extends over all values of the indices 7, m, r, and s. 
One notices that 104 is a quadrilinear form in the two fields ¥,y, and 
their hermitean conjugates, which may be indicated symbolically by 


Hnyp = {Vvp'Vn'vatn} . 


Remembering 100 and the identity a,tb,,ta,b,=b,ta,tb,a, one notices that 
the quadrilinear form is symmetric with respect to a simultaneous inter- 
change of the first two and the last two fields 


{yoda Von} = {onde var} = — Dd. Vamvedn'dm 'byay. 105. 


* A sign convention is necessary, for example, that 101 holds with r<s. Eq. 102 
holds them if n<m, r<s. 
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As is well known (29), the interaction of identical particles, with the matrix 
elements 100 may be written" 


Hyp = — (1/2)  VamiysOn'm'a,a, = (1/2) {¥p'vy vor} 106. 


and similarly for H,,,. Collecting together the Hyp, Hpp, and H,, interactions 
one sees now that the Hamiltonian has the quadrilinear form 


H = (1/2) 3s {yityyins} 107. 


where 7 and j are two-valued indices (7, 7= or n). 

6.2. Isotopic spin.—The above expression exhibits quite openly a re- 
markable invariance property. Just as the expressions > .a;*b;, Doi; a.*b;*cid; 
are invariant against a simultaneous linear unitary transformation of the 
vectors a, b, c, d, it is easy to see that in 107 one may regard y; (¢= or n) as 
a two-component vector, and that H is invariant against a linear-unitary 
transformation u of the two components. It is easy to see that such a trans- 
formation leaves the anticommutation relations 30 and 103 unchanged, and, 
therefore, it must be possible to generate the linear transformation by means 
of an operator U, according to the usual U-'WU scheme. The most general 
2X2 unitary matrix may be written in the form 


vna( a . 108. 


The factor e® in front simply corresponds to the fact that 107 contains the 
same number of y-fields and yt-fields and, therefore, does not change if all 
y’s are multiplied by the same e®. This invariance may be regarded as a 
formal expression of the principle of the ‘‘conservation of nucleons,’’ which 
does not throw any particular light on the principle itself. We shall, from now 
on, specialize 108 to the case 6=0. The transformation, then, also has unit 
determinant. In conclusion, the inference is that for any two complex 
constants @ and @ such that 


la/?+|e|?=1 109. 


there is a unitary operator U, acting on the state of the two coupled fields 
¥», and yY,, such that 
U-Yy,U = ap, + Bln 
U-Yy,U = — B*Yp + apn. 


This transformation leaves not only 107 but also the ‘‘free’’ part of the 
Hamiltonian of the two fields invariant, provided the small neutron-proton 
mass-difference is neglected. Thus U commutes with the whole Hamil- 
tonian. Conversely one can easily see that if the quadrilinear forms describing 
Hyp, Hpp, and Hy, are such that their sum is invariant against 110, then they 
satisfy charge-independence. Therefore, the principle of charge-independence 
is equivalent to invariance under the two-dimensional unitary group 110. 


110. 


16 If n<m,r7<s, for example, one verifies easily that 
(f| dn'am 'ayas| 1)=— (f| An'amaya,| 1) = —1 etc. 
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As is well known from the theory of the electron spin, the two-dimen- 
sional unitary unimodular matrices form a group which is strictly related 
to the three-dimensional real rotations. The connection is most simply ex- 
hibited by means of the three components of the ‘isotopic spin density”’ 
O(i=1, 2, 3). If 71, re, 73 are three matrices similar to the Pauli matrices 
Tz, Ty, ¢, and operating on the two component vector (W», Wn), one defines 
Q:=(1/2)ptry, i.e., 

Q1 = (1/2)Up'on + vn'Yo) 

Qs = (1/21) Up'Yn — va'vdp) 

Qs = (1/2)p'vn — vn'bn). 111. 
One then sees that the transformation 110 induces an orthogonal trans- 
formation (a rotation) 


3 
U-70,U = > a:Q; 112. 
j=l 


of the three-dimensional vector (Q,Q2Q;). The coefficients a;; are real and 
easily calculable. 
Alternatively, one considers the infinitesimal transformations 


U;, = 1 — i6T, (k = 1, 2, 3) 113. 


of the group 110, defined as follows. If U defined by 110 is designated by 
U(a, 8) and @ is an infinitesimal parameter, one sets 


u.=u(1,-+6); U:=U(1,->8); Us (1-< 4,0). 114. 
Furthermore, neglecting terms of order 6? one sees from 113 that 
Us-WUr = v + i0[T, ¥] 115. 
so that, after an easy calculation 
[v, Te] = rey. 116. 


Equations 116 must hold for Y=y(x) where x is any point in space. 
By means of 30 and 103 one verifies that T; defined by 


™h« f On(x)d2x 117. 


satisfies 116. One then sees easily that 
(7;, Te} = iT: 118. 


where (j, 2, 1) is a cyclical permutation of 1, 2, 3. 

These are the same commutation relations, as are obeyed by the com- 
ponents of angular momentum, which again establishes the connection with 
the ordinary rotation group. 

All the essential formulae pertaining to the isotopic spin group have now 
been given. In particular from U'HU=H it follows 


[Tx, H] = 0; 119. 
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the three hermitean operators 7; are constants of the motion, and so is the 
“square of the total isotopic spin vector”’ 
Ti)? + T2? + 73? = T(T +1). 120. 


From the analogous proof for angular momentum it follows that the 
possible values of the quantum number T are integers or half-integers. For 
a given value of 7, the possible values of 7; are the (27+1) eigenvalues 

Raf. f«1,:+-, Ff, 121. 


6.3. Applications and validity of charge independence.—The Equations 
119, 120, and 121 constitute the starting point for the familiar discussion 
of the multiplet structure of nuclear levels. In light nuclei, where the distor- 
tion of the nuclear wave function by the Coulomb interactions is small, one 
can, in general, assign unambiguously a 7-value to each level. In a collision 
between nuclei the T-vectors of the colliding particles can be added according 
to the usual rules, and conservation of the total 7-vector gives rise to selec- 
tion rules. 

Charge independence can be tested either by comparing the energies of 
states belonging to the same 7-multiplet, or by looking for violations of the 
selection rules. The most recent work on this subject is contained in a series 
of 12 papers by Wilkinson et al. (26). See also the end of the next section. 

6.4. Extension of isotopic spin to antinucleons and x-mesons.—lf nuclear 
forces are due to the exchange of mesons, the symmetry that manifests itself 
in the charge independence of the nucleon-nucleon interaction must have its 
deeper origin in a corresponding symmetry of the interaction between 
nucleon and meson-fields. This is the same as saying that it is hard to see 
how a quantity such as 7; can be conserved in a nucleon-nucleon collision, 
unless the virtual meson-emission and reabsorption processes which form the 
invisible substratum of the collision also obey a corresponding conservation 
law. 

In a similar way one may argue that, since formation of nucleon-anti- 
nucleon pairs probably plays a role in nuclear forces at short distances, the 
symmetry expressed by the group 110 must also extend to antinucleons. In 
fact, although antinucleons have been barely mentioned in the previous dis- 
cussion, such an assumption was already implicit in writing Equation 110, be- 
cause a minimum of mathematical consistency requests us to assume that the 
equations hold for the whole operator y, i.e., for the antinucleon-creation 
part as well as for the nucleon-destruction part of y! Thus, the formulae 
written already automatically imply certain isotopic spin assignments for 
antinucleons. 

In order to see this more clearly, let us introduce, together with a, and 
b,, the corresponding operators @, and 6, which destroy antiprotons and anti- 
neutrons (the bar does not mean complex conjugation!). Using a Majorana 
representation, as in Appendix A, one may expand y, and y, as in Equation 
A.10. One finds, then, by means of the orthogonality relations A.8 and A.9. 


f vp! (x)vo(x)dx = > (a,'a, + 4,4,') = > (a,'a, — a,'a, + 1) 
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which, apart from an infinite additive constant, is equal to the total charge 
Q = NP) — N(D), 122. 


N(p) and N(#) being the total numbers of protons and antiprotons, respec- 
tively. Let us similarly designate by N the number of nucleons minus anti- 
nucleons 


N = N(p) + N(n) — N(p) — NA) 123. 


also called the ‘nucleon number.” In calculating 7; a cancellation of in- 
finite constants occurs and one finds 


T; = ${N(p) — N(n) — N(p) + N(@@)} = Q—4N 124. 


in particular for an ordinary nucleus 73=Z—1/2A showing that T; is integer 
(half-integer) for nuclei with even (odd) A. 

The equation also shows that antiproton and antineutron have the oppo- 
site 7; assignments to proton and neutron. More precisely let us consider two 
one-nucleon states |p) and |) or two one-antinucleon states |) and | 7), 
the two particles being (in either case) in the same state of orbital motion 
and ordinary spin (i.e., one assumes they have the same wavefunction as 
defined in Appendix B). The two states then form an isotopic spin doublet 
in the sense that they transform linearly into one another under U. More- 
over, the transformation law is the same for the two doublets, provided one 
chooses corresponding states as follows 











TABLE I 
Corresponding Anti- 
Te Nucleon State nucleon State 
+1/2 \p> on 





This may be seen, by noticing that the relation of |) and |#) to the 
operators pt and y,! is precisely the same as that of | p) and | n) to the opera- 
tors y, and y, and that, furthermore, 


U-YntU = ant + B(—vp!) 
U-"(—Yp')U = — BYn! + a*(—y,') 


so that yf and —y,t transform like yp and Wn. 

To put it another way, if by means of Eq. 116 one calculates the matrix 
elements of the infinitesimal operators 7,727: for the two nucleon states, 
one finds the matrices (1/2)7,. One also finds precisely the same matrices 
for the two antinucleon states, as chosen in Table I. In this calculation one 
uses the customary fact that the vacuum state is invariant under the trans- 
formation, or, in other words 


125. 
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Ti| ) = 0. 126. 


Turning now to the interaction between nucleon field and w-meson field, 
let us examine more closely the meson field equation 38. The structure of the 
bilinear form j(x) is already known with regard to the Dirac spinor indices 
of the nucleon fields Yt and Y; one must now take into account the two- 
component nature of y=(>, ¥,). By inserting a matrix p2=7Sy¥5 into the 
forms of Eq. 111, one obtains the three analogous quantities 


jolt) = mre (a = 1,2, 3) 127. 


which under the effect of U undergo the same transformation, Eq. 112, as 
010203. 
In addition there is a fourth bilinear form jo =Wtp.w or explicitly 
jn = Vo! pan + vn pwn 128. 


which is invariant under U. There are no further independent pseudoscalar 

bilinear forms. There are, therefore, two possibilities. Either one considers 

an “isotopic singlet’’ meson described by a single field ¢o, invariant under 
é<¢2 


U, and having jo as a source function, or one considers an “‘isotopic triplet”’ 
described by three fields ¢:¢23 and writes field equations 


(O-#)¢a=ia (a= 1,2, 3). 129. 


The invariance of this scheme under the group of transformations U is 
quaranteed if (a) the same mass uw appears for a=1, 2, 3 and (6) the fields 
¢o transform according to 


U-1¢,U = d apds- 130. 


In particular, by considering the infinitesimal transformations, one finds 
easily 


3 
lta, Tr] = > (teasbs 131. 


where the matrices & have elements (t1)23 = — (#:)32 = —12, etc. (with all cyclical 
permutations) and all the other elements are zero. These matrices give a 
well known representation of the spin matrices for a spin-one particle. 

So far no experimental evidence of the existence of an isotopic-singlet 
meson has been found, while the three mesons w* and 7° (apart from a small 
difference in mass) fit in beautifully with the scheme Eq. 130 and 131. 

By a procedure completely analogous to Eq. 124 one can show that ¢3 
creates and destroys particles having 7;=0, while the complex field 
= (¢it+ib2)/+/2 creates particles with T3;= — 1 and destroys particles having 
T3;= +1. The interaction Hamiltonian which gives the field Eq. 129 may be 
written in the alternative forms 


3 
H= 2 jatha = g{—V/Wp'pulnd + VWnloadeot + We've —va'bnlds}. 132. 
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Here one verifies again immediately that 73 is conserved, for example, the 
first term causes a nucleon to make a transition from 7;= —1/2 to T3= +1/2 
while a meson with 7;=+1 (—1) is destroyed (created). 

Invariance under the isotopic spin group has many important conse- 
quences. For instance, as was first pointed out by Heitler, in meson-nucleon 
scattering the initial and final states may be classified into eigenstates of 
T? and T;. A very considerable simplification is then achieved in the analysis 
of the scattering, because of the fact that the three components of T are 
conserved (27). The experiments to date have not revealed any serious dis- 
crepancy between w-meson phenomena and charge-independence. 

6.5. Isotopic parity (G).—Isotopic spin and charge conjugation do not 
commute, for example, the charge conjugate of a proton (73;=1/2) is an 
antiproton (7;=—1/2). Therefore, a combined discussion of the two as- 
sumptions has a certain interest. Various authors (28, 28a, b) have derived 
selection rules for proton-antiproton annihilation and other processes follow- 
ing from the simultaneous validity of the two assumptions. 

For the purposes of such a discussion one can replace C by an operation 
G which is obtained by a successive application of C and an isotopic spin 
rotation. Consider Eq. 110 with parameters a=0; 8=1; the correspond- 
ing transformation of the Q-quantities in Eq. 111 or, what is the same, 
of the meson fields ¢, is (¢:¢23) ~(—di, 2, —$3). This is, therefore, a rota- 
tion of 180° around the ‘‘2” axis: U=e‘*T, Writing 


G = Ce'*?: 133. 
one finds, from Eq. 86, 91 and 92 
GG = Yn'; GaGt=—y,'; Go,G1 = — da. 134. 


The first two equations show the interchange p>, n—>— p which was found 
in the comparison of the nucleon with the antinucleon doublet, Eq. 125. 
The third equation shows that, in the three-dimensional space of the meson- 
field components, G acts in a manner similar to P in ordinary space (hence, 
the name “isotopic parity”). The three equations show that G commutes 
with all three isotopic spin components, which is the main advantage of G 
as compared to C. 


7. BARYON- AND LEPTON-CONSERVATION LAWS. STRANGENESS 


For the sake of completeness we mention here some other empirically 
observed conservation laws, which may be a manifestation of some deeper 
and as yet little understood symmetries (21, 21a). 

The most fundamental of these laws is probably conservation of baryons. 
This is a generalization of the law of conservation of nucleons, which has 
long been recognized as one of the most striking features in the stability of 
ordinary matter. The quantity conserved is, the number of nucleons minus 
antinucleons, or more generally of baryons minus antibaryons. All elemen- 
tary particles heavier than nucleons (i.e., all hyperons) observed so far are 
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baryons, i.e., must be counted as such in applying the conservation law. 
Antinucleons, but no heavier antibaryons, have been directly observed. The 
existence of the latter is, however, hardly in doubt. In a sense one can con- 
ceive the ‘‘baryon-number”’ as a kind of ‘‘charge”’ (analogous to the electric 
charge) attached to each particle. Baryons have charge +1, antibaryons 
charge —1, and all particles lighter than nucleons have charge 0. As far as 
is known, all baryons are ‘‘fermions,’’ i.e., particles of half-integer spin. 

Below the nucleons, one finds massive bosons, i.e., the K-mesons, with 
ordinary spin almost certainly zero, and the mw-mesons, with spin zero. 
There is no apparent conservation law applying to the number of these 
bosons; they can be freely created and destroyed. 

Leptons are by definition the u-mesons, electrons, and neutrinos, all spin 
1/2 particles. A lepton-conservation law has been suspected earlier, and has 
now a fair amount of experimental support. Again one can define a kind of 
“‘lepton-charge”’ which is +1, say, for e~, u-, and v (v being by definition 
the particle emitted in Bt emission) and —1 for et, wt and @ (the latter being 
the particle emitted in 6~ emission). These assignments are justified by a 
detailed discussion (21a) of the consequences of the assumption that the 
total lepton-charge is conserved in all processes involving creation or de- 
struction of leptons (6-decay, r—y decay, etc.). So far as is known, baryon- 
and lepton-conservation may be exact laws of Nature. 

A third conservation law, which is not exact, but, like parity, is violated 
in the ‘‘weak’’ interactions, emerges from the Gell-Mann-Nishijima syste- 
matics of strange particles, which is a successful attempt to understand the 
associated-production rule of Pais and other selection rules operating in 
strange particle production and decay, in terms of an extension of the iso- 
topic-spin invariance principle. The basic assumption is that the ideas of iso- 
topic spin quantum numbers T and 7;, isotopic-spin multiplets, etc. are 
applicable to all strongly interacting particles (i.e., so far as is known to all 
particles except photons and leptons), and that 7;, T2, T; are constants of 
the motion quite generally, as long as one neglects electromagnetic and 
‘“‘weak”’ interactions. It is easy to verify that, in the case of nucleons and 
m-mesons, which have been examined in some detail, 73 is strictly conserved 
also by the electromagnetic interactions;'’ in fact one has in that case 


T; = Q—434N 135. 


where N is the nucleon-number ond Q is the total electric charge (divided 
by e), so that conservation of 7; follows from the ‘“‘exact’’ laws of conserva- 
tion for Q and N. 

The essential remark is now, that one can order the “‘strange”’ particles 
into isotopic spin multiplets and assign isotopic spins in such a way that the 
‘‘strong”’ production reactions such as 


a + p—A° + K° 2° + K°, = + Kt 136. 


7 This puts 7; in a very different category from 7 and 72, since electromagnetic 
interactions are many orders of magnitude stronger than the ‘‘weak’”’ interactions. 
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are ‘‘allowed”’ by isotopic spin invariance, while the ‘‘weak’’ decay processes 
such as 


M—opt+a, or K®8mat+e- 137. 


etc. are ‘‘forbidden.”’ This is achieved by assigning integer isotopic spin to 
the hyperons A°, 2°, 2+ (which have half-integer ordinary spin!) and half- 
integer isotopic spin to the K-mesons (which have integer spin). The reader 
can easily verify that in Eq. 137 T or T; is necessarily an integer on the 
left side and a half-integer on the right hand side, or vice versa. In fact the 
more specific assignments (21) give 


AT; = + 1/2 138. 


for these decays. This is, of course, not an ‘‘explanation’’ but it brings con- 
siderable order into the subject and has led to several strikingly successful 
predictions. 

Gell-Mann assumes that, in a multiplet, Q varies linearly with 7; as in 
Eq. 135, but the above-mentioned assignments do not allow one to generalize 
Eq. 135 by saying that N is the baryon-number. Incidentally, this would tie 
T; to two exactly conserved quantities, and the very key to the success of 
the Gell- Mann-Nishijima scheme is the idea that 73 is only ‘‘almost exactly”’ 
conserved and provides a distinction between 7; conserving (or allowed) 
and 7; violating (or very weak) processes. 

In generalizing Eq. 135, one may remark that for the (m, p) and (, #) 
doublets and the (x*, 7°) triplets, for which 135 is valid, the term 1/2N 
represents a variable shift (N=-+1, —1 and 0 in the three above-mentioned 
multiplets) of Q relative to 73. In a general multiplet one will write (borrowing 
a notation from Schwinger) 


T:=Q-Y/2 139. 


where Y is a shift characteristic of the multiplet. In a system of particles, 
the sum of the individual Y values will give a total Y (the ‘“‘hypercharge’’), 
which like 7; is an approximate constant of the motion. As was said Y is 
distinct from N. In Gell-Mann’s notation 


Y=N+S 140. 


where S is the ‘‘strangeness’’ quantum number. For example, the A-singlet 
and the 2-hyperon triplet have Y=0, hence S=—1; the (Kt, K*) doublet 
has Y=1, N=0 and hence S=-+1. S is so defined that ‘‘ordinary”’ particles 
have zero strangeness (and by this is meant w-mesons and nucleons). No 
useful isotopic spin assignment has been devised so far for leptons, and the 
notion of “‘strangeness’’ does not, therefore, apply to them. 


AppENDIxX A: Notations; Drrac EQUATION; MAJORANA REPRESENTATION 


A summary is presented here of some of the notations employed. The 
dagger, f, is used throughout to denote the Hermitean conjugate (of a 
matrix or of an operator), while the asterisk, *, denotes simply complex con- 
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jugation (i.e., in the case of a matrix, the * means c.c. without transposition 
of rows and columns). 

The four components y¥,(p=1, +--+, 4) of a Dirac spinor are multiplied 
by 4X4 Dirac matrices in symbolic notation (as usual); for example, By 
means the spinor with components (6y),= )>¢ Boose. The summation con- 
vention over equal indices is used often, thus: 8,.W, omitting the summation 
sign. It is convenient to allow multiplication of y (or Y*) by a matrix on the 
right hand side. Summation over adjacent indices is then understood, thus 
y*6 means (¥*8),=W%6.,.If a matrix is hermitean (@=t) multiplication by 
6 on the right is equivalent to multiplication by 8* on the left B*y* =y*8. 

Commutators are denoted by: [A, B]}=AB-—BA, and anticommutators 
by: {A, B} =AB+BA. All the commutation or anticommutation relations 
written in this article are for operators ‘‘at equal times’’ or for ‘‘Schrédinger 
operators.” 

The free Dirac equation is written 


te) 
z +a-Vt+ imp) v = 0 


and the three o matrices are defined by 
or = — 10203, oy = — iasa, o2 = — taja2 | eZ 
and the three p matrices by 
pi = — taaras, ps = B, p2 = — tpspi. A.3. 
Other symbols are defined in Table II below. 

In this article the reviewer sometimes uses the ordinary (Dirac) represen- 
tation in which B is diagonal, sometimes a ‘‘Majorana”’ representation, in 
which the a matrices are hermitean and symmetric (and therefore real) and 
6 is hermitean and antisymmetric (and therefore purely imaginary). This 
makes all the coefficients in Eq. A.1 real. 

A Majorana representation may be obtained, starting from the usual 
representation in which ai, a3, and # are real and az is imaginary, by applying 
to each Dirac matrix I the unitary transformation 

Il’ = Wu A.4. 
where 


u = (1 — Baz)/+/2; u~) = (1 + Baz)/+/2. A.5. 
This leaves a, and a3 unchanged, while replacing a, and 6 with —§ and az, 
respectively. The corresponding transformation from the Dirac wavefunction 
y to the Majorana ¢ is ¢= uy, Yy =u—'9 or explicitly 

v1 = (gi — ids)/V2, Ya = (G2 + ts)/V2, 

vs = (ibe + ¢3)//2, vs = (—idi + gu)/V2. A.6. 


This is useful, for example, in calculating the effect of time reversal, Eq. 82, 
on the “‘large’’ components y; and We. One easily sees that A.5 leaves the 
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form of pe unchanged. Therefore, the transformation $’=—p2* of the 
Majorana wavefunction means $’=i(+¢;3*, +¢.*, —d¢i*, —d2*). One sees 
that the large components y; 2 transform (apart from an irrelevant sign) 
according to the scheme 68. In a Majorana representation the p and o 
matrices are all imaginary and antisymmetric (as one easily sees by means 
of the anticommutation relations). The p matrices commute with the o 
matrices; hence the nine products p,o; are real and hermitean, and, therefore, 
symmetric. These conclusions are summarized, together with some custom- 
ary designations, in the following table. 


TABLE II 


SYMMETRY OF DrrRAC MATRICES IN A MAJORANA REPRESENTATION 








Imaginary-antisymmetric ox, pk (R=1, 2, 3) 
Also: B=Y4=ps, Ys=—p1, —tYsV4=p2 


Real—symmetric Ok=pitk, Ve= —1Bar=petr—tYsVk = — p3ek 





Let us discuss briefly Eq. A.1 in the Majorana representation. Owing to 
the ‘“‘real’’ form of the equation, one knows that if ¥ is a solution, * is also 
a solution. It is often called the ‘‘charge-conjugate”’ solution. If W is a sta- 
tionary solution 


vy = e*Ety(x) 


with a positive energy E>0, then y* is a negative energy solution. More 
generally, a superposition of positive energy solutions of the above form 
is called also a positive energy solution. The equation obviously possesses 
“real” solutions, of the form ~+y* where y is a positive energy solution, and 
hence y* is a negative energy solution. 

One often has to do with complete orthonormal sets of positive energy 
solutions 1, M2, - - * and negative energy solutions 1, v2, - - - . One can as- 
sume that the negative energy solutions of the set are the charge conjugates 
of the positive energy solutions: Then the whole set is 


* 5 Uy", 2 °°, Ua, 1"; M1, U2, °° +, Ur tt. A.7. 


The orthogonality relations are 


f Uy Ug? = Bye A.8. 


f Uru,x = 0. A.9. 


In the g-number theory y and yt are operators, which may be expanded 
V(x) = > {atee(x) + o,'*(x)} A.10. 


- 


w* (x) = d {a,b *(x) + d,u,(x)} A.11. 


r 
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where a, and 4, are destruction operators for particles and antiparticles, re- 
spectively. From A.8 and A.9 one has 


a, = f ue*(x)b(x)d8x, a! = f (22) tp (x) dx A.12. 


and similarly for 4,, d,t. 
APPENDIX B. TRANSFORMATION OF STATES IN THE DiRAC THEORY 


The following section contains a discussion of the connection between the 
transformation of the Dirac wavefunction (corresponding to a given co- 
ordinate transformation) when y is regarded as a Schrédinger function for 
a particle, and the corresponding transformation of the Dirac state-vector 
| a) for a one-particle state in the second quantized theory. Since the two 
formalisms describe the same thing, it is desirable to verify the theorem 
which states that the two transformations are equivalent. 

Consider a Lorentz transformation 


4 
ae = D> wine’ B.1. 
kal 
which one can write x=ax’ or x’=a~'x. In the text one needs only special 
cases of this, but it costs no extra effort to prove the theorem in general. 

If ¥(x) is a solution of the free Dirac Equation A.1, then ¥(x’) =y(a~'x) 
is not in general a solution, but can be transformed into one (29) by multi- 
plication with a suitable matrix u, which is a function of the parameters 
defining the Lorentz transformation. Thus one writes 

v’(x) = wp(a“"2). 3.2. 
In ‘‘c-number theory” y is an ordinary complex function of x and is regarded 
as the state-vector for a particle. B.2 is then the transformation of the state 
associated to or ‘‘induced by’’ the Lorentz transformation B.1. One can 
show that the matrix u can be normalized in such a way that the transforma- 
tion B.2 of the state vector thus defined is unitary. This may be called the 
“‘small’’ operator U; it is defined only for one particle states. 

In ‘‘g-number theory” y isa field operator, and y’ is another field operator 
which ‘‘obeys the same field equations’’ and (as one could show) ‘‘the same 
anticommutation rules’ (in the text this is proved for the special case at 
hand). Hence, one can argue, as usual, that there must be a “big” linear- 
unitary operator U such that 

U-W(x)U = y'(x) = w(c"'2z). 3.3. 

(It is desirable to point out that in this formula wu is not an operator, but 

simply a linear transformation of the components of the operator y; it can, 

therefore, be freely commuted with “big’’ U.) One also notices that if in 

B.3, a, u, U are replaced by a, u—!, U—, respectively, one gets the analogous 
formula 

Uy(x)U- = u-“W(ax) B.4. 
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which can, in fact, be obtained directly from B.3 by a juggling of factors 
from one side to the other. 

If | ) is the normalized ket representing the vacuum, a one-particle state 
may be obtained by applying the creation operator a,t to | ). The connection 
between a,t and the c-number wavefunction u, is given by A.12. More 
generally, one may consider any positive energy solution f(x) of A.1 (we now 
use f to avoid confusion with the second-quantized W) and defines the cor- 
responding creation operator a;st by 


aft = f Weoytarere. B.S. 
The corresponding one-particle ket |@) is then 
Ja) = a/t|) = f vieayteyare| ) B.6. 


where the time ¢ in x = (x, #) may be chosen arbitrarily since the integral does 
not depend on ¢. Alternatively when the ket | a) is given, one may construct 
the corresponding f(x) as follows. First it is noticed that for any state |£) 
one has identically 

(| ast | &) = 0. B.7. 
In fact the state a,t| £) must at least contain one particle, and is, therefore, 
orthogonal to the vacuum state. Now applying ¥(y) to B.6 where y is simul- 


taneous with x, and using Eq. 30 and the normalization of the vacuum one 
finds 


(| VG) |) = (| vodar* |) = Cf 3G — wyle)dsx — a4) 


where the last term vanishes because of B.7. Finally, 
f(x) = (| ¥@)| a). B.8. 


The corresponding equations for an antiparticle state | a) are (in the 
Majorana representation) 


Ja) = f viararafte)|) B.S’. 


and 
f(x) = (| ¥'@) |. B.8’. 


Now U is an operator transforming all states of the field, and in particular 
it must transform the vacuum state into itself (since the vacuum is the only 
state with four-momentum equal to zero). With a suitable normalization of 
U one may always assume 


Ul|)=|);  ([u7=<|. B.9. 


This equation will apply to the operators representing parity, time reversal, 
etc. The transformation of one-particle states may now be examined im- 
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mediately by applying U to | a) and seeing what happens in either Eq. B.6 
or B.8. For example, using B.8 one finds that the wavefunction f’(x) of the 
transformed state is 


f'(x) = (| W(x)U | a) = (| UY (x) | a) = {| Yaz) | «) = uf(a x) ~—«&B 10. 


where the Eq. B.3 and B.9 have been used; this is precisely of the same form 
as B.2: hence the theorem: the transformation B.2 in c-number theory 
and the operator U of Eq. B.3 are equivalent, when U is applied to one- 
particle states.'8 


'§ For the slightly different result in the case of time-reversal see Section 3.5. 
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THE OPTICAL MODEL AND ITS JUSTIFICATION’ 


By HERMAN FESHBACH 


Department of Physics and Laboratory for Nuclear Science, Massachusetts 
Institute of Technology, Cambridge, Massachusetts 


1. INTRODUCTION 


This article will deal with the optical model description of the scattering 
of a nuclear particle by a nucleus. In this model the many-body problem 
arising from the interactions of the nucleons in the target nucleus with the 
incident particle is approximated by a two-body problem. The various inter- 
actions are replaced by a potential V between the incident particle and the 
nucleus. In other words, in the center-of-mass system the motion of the 
particle is given by the Schroedinger equation: 


Vy +H (E- Vw =0 r 


where yu is the reduced mass. This approximation is referred to as the ‘‘optical 
model,’’ because it is in many ways analogous to the index of refraction 
approximation which is employed to describe the propagation of light in a 
medium. There the many-body problem, the interaction of light with each 
particle in the medium, is approximated by a propagation problem in which 
the effect of the medium is represented by an index of refraction. Of course, 
this analogy should not be taken too literally, as will be seen in Section 4. 
The replacement of the target nucleus by a potential well was first sug- 
gested in 1935 by Bethe (1) and many others (2, 3, 4). They hoped to under- 
stand nuclear reactions and, in particular, the slow neutron resonances 
which had been discovered by Bjerge & Westcott (5) and Moon & Tillman 
(6). This effort was unsuccessful. The resonances obtained by Bethe (1) are 
now referred to as single-particle resonances. The Bohr-Breit-Wigner (7, 7a) 
theory of nuclear reactions successfully demonstrated that the slow neutron 
resonances were a many-body effect. Nuclear reactions were considered to 
occur in two steps. In the first, there was an amalgamation of the incident 
nucleon and the target nucleus to form a compound nuclear state which 
lived a relatively long time. The compound state was thought to be a com- 
plex many-body state in which the identity of the incident nucleon was com- 
pletely lost. In the second step the compound nucleus decayed. The particle 
(or particles) emitted bore essentially no genetic relation to the incident 
particle except as demanded by the various conservation laws. Such a de- 
scription seemed to have little relation to an optical model description and 


1 The survey of the literature pertaining to this review was concluded in January, 
1958. 

* This work was supported in part by the joint program of the U. S. Office of 
Naval Research and the U. S. Atomic Energy Commission. 


49 





50 FESHBACH 


was certainly incompatible with the first attempts to use the optical model 
as described above. 

There was one single-particle aspect of this description which was pointed 
out by Ostrofsky, Breit & Johnson (8). In calculating the penetrabilities 
required to describe the amalgamation step, these authors suggested that 
one should include in the calculation of the incident particle wavefunction 
an average potential well describing the average interaction of the incident 
nucleon with the nucleus. They indicated that the well needed to be complex 
in order to take into account the absorption of the incident particle when 
it is inside the nucleus. They, of course, automatically found that single- 
particle resonances would enhance the penetrabilities and, therefore, the 
cross section for nuclear reactions. 

Bethe (9) was the first to point to a single-particle approximation to the 
Bohr theory which corresponds quite closely to the present day point of 
view. When the incident nucleon energy is high, the resonances broaden, 
and the cross sections vary smoothly with the energy. Bethe surmised that 
here an optical model description would be valid. Because it was thought 
that nuclear matter was very absorptive, Bethe assumed that the principal 
effects in nuclear reactions came from the imaginary part of the potential 
V, and that the corresponding mean free path would be much smaller than 
a nuclear radius. He was then able to show that such a theory predicted the 
energy average of the nuclear reaction cross sections given by resonance 
theory. 

After World War II, several developments led to the revival of the optical 
model. Primarily there were the first high-energy experiments. These were 
initially examined by Serber (10) and Goldberger (11) using essentially a 
kinetic theory approach. The nucleus was represented by a Fermi gas. One 
of the principal things learned from these investigations was that the Pauli 
exclusion principle, which reduces the number of possible final states in the 
individual nucleon-nucleon scattering, caused a considerable increase in the 
mean free path of the incident nucleon. The first use of the optical model 
was made by Fernbach, Serber & Taylor (12). These authors described the 
nucleus in terms of a complex index of refraction, the imaginary part of 
which was directly related to the mean free path. This enabled them to 
include in the calculation the diffraction small-angle scattering. In the cal- 
culations, the WKBJ approximation was used, rather than purely classical 
approach. 

The use of the optical model for high-energy phenomena was not re- 
stricted to nucleon-nucleus scattering. For example, it was used by Bethe & 
Wilson (13) and by Byfield, Kessler & Lederman (14) to describe -meson 
absorption and scattering by the carbon nucleus. 

In the low-energy domain the optical model cannot attempt to describe 
the fine structure resonances exhibited, for example, by slow neutrons. It is 
concerned, as will be seen (Section 4), with the energy average of the cross 
sections. For this reason, the term optical potential is a misnomer. Energy 
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averages of resonance theory had been discussed by Bethe (15) in 1937. 
However, the connection with an optical potential was not made except at 
the higher energies where the widths of the resonances become comparable 
with or larger than the spacing between levels (9). That this latter theory, 
which assumed that nuclear matter was strongly absorptive, was not correct 
was indicated by the success of the shell theory. In fact, as Goldberger (11) 
had already observed, the mean free path is of the order of nuclear dimen- 
sions. These arguments were very much reinforced by the experimental re- 
sults. Ford & Bohm (16), in 1950, had discovered that the low-energy 
neutron-nucleus scattering length showed a resonance structure (these 
resonances have since been dubbed “giant resonances’) as a function of mass 
number. They interpreted this in terms of the optical model, employing a 
real, attractive square well. Assuming a range R=1.4 A"/? fermis, the depth 
of the well was found to be 45 Mev. All of this indicated that the mean free 
path of the incident nucleon in the nucleus must be of the order of the nuclear 
radius, for only then would it be possible for the constructive interference 
required for the resonance to occur. 

At higher energies, a boundary condition model for neutron scattering 
and absorption (17) was proposed. It was presumed to be valid when the 
resonance widths became of the order of the spacing between levels. This 
model, which antedated Ford & Bohm (16), assumed, as did Bethe’s (9) 
earlier version, that nuclear matter was strongly absorbent. It was essentially 
equivalent to an optical model, as was pointed out by LeLevier & Saxon 
(18). These authors, encouraged by the success of the optical model at high 
energies, applied it to the elastic proton scattering (18 Mev) by Al, employ- 
ing a complex square well for the potential V. The results did not differ 
strikingly from the strong interaction model. 

It was not until the decisive experiments of Barschall and his co-workers 
(19, 19a), that the optical model was seriously considered as applying to low- 
energy phenomena. The average total cross section for neutrons, whose 
energy spread is sufficiently large so as to include many fine structure 
resonances (or if the energy average is performed directly), is found to de- 
pend in a markedly regular fashion on the energy E and on the mass number 
A. For example, peaks (giant resonances) in the cross section move in a 
regular way on changing E or A. This phenomenon suggests a potential well 
model since, roughly speaking, it becomes possible for the amplitude of the 
wave inside the nucleus to become very large for particular values of the 
parameter KR, where K is the neutron wave number inside the nucleus and 
R is the nuclear radius. Again, for such constructive interference to occur, 
the mean free path of the nucleon inside the nucleus must be at least of the 
order of the nuclear radius. This qualitative description of the Barshall ex- 
periments was verified by calculation (20, 20a) using a complex square well 
as the optical model potential. A further triumph of the model was the pre- 
diction, for low neutron energies, of a giant resonance structure for (va;), 
where v is the neutron velocity and a; is the reaction cross section. The model 
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also gave a reasonable fit to the angular distribution of the elastically scat- 
tered neutrons. This should be compared with the strong absorption theories 
(9, 17) in which the giant resonances are completely damped out so that, for 
example, there are no oscillations in the total cross section as a function of 
the energy. 

There were, of course, many points in which the fit of the square well to 
the data was unsatisfactory. The most serious of these was that the reaction 
cross sections predicted seemed to be too small. This was shown in detail by 
several authors (20 to 24). When the square well was employed by Chase & 
Rohrlich (25) to fit the elastic proton scattering observed by Burkig & 
Wright (26), Gugelot (27), and Cohen & Neidigh (28), it was found that the 
square well gave much too much scattering. Both of these difficulties (20, 
21, 25) could be removed when the square well was replaced by a well with 
a tail. This was demonstrated for 20 Mev protons by Woods & Saxon (29), 
who replaced the square well by the potential 


V = — (Vo +iWo)[1 + exp (r — R)/a} 2. 


where Vo, Wo, R, and a are parameters. So far as the neutron reaction cross 
sections were concerned, it had already been noted by Bethe (9) that round- 
ing the well would increase the reaction cross section relative to elastic scat- 
tering cross section. Walt & Beyster (21), using the Wood-Saxon potential, 
found that a considerably improved fit to the reaction cross sections could 
be obtained as well as to the total cross section and angular distribution. 

In the meantime, theory which was required to justify the use of the 
optical model was developed. Naturally, there were different attacks for the 
high-energy Serber optical model and for the optical model as applied to 
relatively low-energy phenomena, since different physical situations and, 
therefore, different approximations were involved. At the high-energy limit, 
a multiple scattering theory was developed by Watson and his collaborators 
(30 to 34). For low energies, Feshbach, Porter & Weisskopf (20) related the 
total cross section of the optical potential with the energy average of the 
cross sections as calculated from Wigner R-matrix theory. Thomas (35) 
carried this process further, showing how with a suitable Amsatz one can, in 
fact, obtain the optical potential (as opposed to the average total cross sec- 
tion which is only indirectly related to the optical potential) directly from 
resonance theory. The meaning of the averaging process was elucidated by 
Friedman & Weisskopf (36). 

The historical introduction will stop at this point. More recent work will 
be discussed in the other sections of this review. Section 2 will contain a 
proof of the physical existence of an optical potential together with a discus- 
sion of its relation to the index of refraction of nuclear matter. Section 3 will 
review the justification of the optical potential for high energies. This dis- 
cussion will be based primarily on Watson’s work (30 to 34). Section 4 will 
concern itself with the low-energy domain. Section 5 will contain a summary 
of the various optical potentials which have been considered together with 
the empirical values of the optical potential parameters. 
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In Sections 2 to 4 our primary interest isin the justification of the optical 
model. Except for the high-energy limit no attempt will be made to discuss 
the calculation of the parameters of the optical model from nucleon-nucleon 
forces. This, of course, should receive a separate review. For this reason, the 
present review will not include the work of Brueckner, Eden & Francis (37), 
of the so-called ‘‘frivolous models’ (38 to 44), of Lane, Thomas, & Wigner, 
(77) and of Vogt & Lascoux (80, 81). 

Finally, it should be emphasized that in Sections 2 and 4, particularly, 
the effect of the identity of the incident nucleon and the nucleons in target 
nucleus is not considered. This is a serious defect. There are two connected 
effects of the identity of the particles. One is the requirement of antisym- 
metrization. The second is the so-called exchange scattering (45), in which 
the incident nucleon and one of the target nucleons exchange. The second 
of these difficulties is the more serious. For high energies (Section 3), the 
exchange scattering can be neglected (32), and then it is not difficult to 
manage the antisymmetrization. Low has given an argument (46) to show 
that the optical potential can include exchange scattering. 


2. THE GENERALIZED OPTICAL POTENTIAL (47) 


In this section, the main interest will be in showing that, except for the 
neglect of effects of the identity of particles (see Section 1), there is an optical 
potential. This will then be related with the index of refraction. Let the 
coordinates (including spin and isotopic spin) of the incident nucleon be 1 
and the coordinates of the target nucleus of mass number, A, be %, f2, + --, 
ra. Let the Hamiltonian: for the target nucleus be Hy, the kinetic energy 
operator for the incident nucleon be Ko and the potential energy of the inci- 
dent nucleon in the field of the target nucleon be V. V is the sum 


V = >> V(t, ta) = >. Va. 
The unperturbed Hamiltonian is Ho: 
Ho = Ha + Ko. 


The eigen functions of Ho are ®, (To - - * Ta), where 


1\3/2 
Pak = Gn(Ti, * + * Ta) (-) exp (ik-1). 


The pn are the normalized states of the target nucleus. ¢o is the ground state. 
The eigenstate of H, which in the absence of the perturbing potential V 
would be ®ox, is Vz. (The index & will be suppressed often in the following.) 
Then the wave matrix operator is defined by the equation 

WV, = 24 x; 
Q satisfies the equation 


1 
Q = 1+—— Pa. 
FR’ 
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Here 
E* = E + in, n — OF J; 
in accordance with the usual scattering boundary conditions. The transition 
matrix T is 
T = VQ 8. 
and 
T(nk' —Ok) = (@ax, VO@o). 9. 
For elastic scattering which leaves the target nucleus in the ground state, we 
need 
T(Ok’ —Ok) = (Box, VO ox). 10. 
The single-particle transition matrix operator 3 which will give the same 
scattering is 
3 = (ho, VOPo) 11. 
where round parentheses are used here to indicate integration over all the 
coordinates fo to r4, while the angular brackets in Equation 11 indicate 


integration only over the variables 7, to r4, excluding ro. The generalized 
optical potential Uo is defined by the equation 


J = Volgo, Mo) 12. 


where it will be shown that Ue and (@o, No) are related by the appropriate 
form of Equation 6. 

It is convenient to introduce the projection operator P» on the ground 
state, do, of the target nucleus, and 


Qo=1— Po. 13. 
Then we are interested in the relation between Py VQPy and PoQP». Note that 
PoVQP, = PoVP (QP + PoVQoQPo. 14. 


It is clearly necessary to eliminate the excited states of the target nucleus, 
i.e., express QoQPo in terms of PoQPo. This is readily obtained from Equation 
6, since 


1 1 
Q = ——— OVP.Q ———— 0,V0,.2 
Qo Qo+ 7 aA, @ 0 + iH, 2 Qo 


or 








1 
Q2 = (E+ — Ho)Qo + Ez QoVP oo. 


E* — Ho — QV + — Hy — QoV 


Inserting this result for QoQ in Equation 14 yields 


1 
+ — Hy — QoV 





POP = Po[ V+V = Qov | Puss. 13. 
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The second term inside the square brackets comes from the elimination of 
the excited states of the target nucleus. Comparing with Equation 12, we 
see that 
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1 
VU) = Go, [v +V E-h-— or" | > 16. 
or 
1 
Vo = C$ V aa op Et — Holbe>- 17. 


Now one needs only to verify that Us and (fo, Igo) satisfy the appropriate 
form of Equation 6: This is trivial. Taking the diagonal matrix element of 
Equation 6 with respect to ¢@o, one obtains 


1 1 
(go, 20) = 1 + B_K, (do, VQ60) = 1 + BK, Vom No). 


Here the energy of the ground state of the target nucleus has been put equal 
to zero. 

Uo is then the generalized optical potential (without the effects of the 
identity of particles included). It should not be confused with the low-energy 
optical potential, since the latter involves an energy average. However, at 
sufficiently high energy, where the cross sections are smooth functions of the 
energy, Uo should become identical with the optical potential. Note that 
Vo is complex: 


Im Up = — ao, Vi(E — Ho — QoV)QoV do). 18. 


As can be seen directly from this expression, Im Uo differs from zero only 
when inelastic processes are possible. 

It can also be seen that Us is a nonlocal potential. The optical model 
usually employs a local potential which it interprets as being the devia- 
tion of the square of the index of refraction, m, for a homogeneous nu- 
clear medium from unity. However, in order to make up for the nonlocal 
nature of Uo, the empirical optical potential is taken to be energy-dependent. 
As can be seen from Equation 16, Uois itself energy-dependent so that the 
energy-dependence of the empirical potential is the consequence of two 
effects: the intrinsic energy-dependence of Up and the energy-dependence 
arising from the replacement of a nonlocal by a local potential. Let us discuss 
this point in somewhat more detail (48, 49). 

Let us consider the case of the infinite target nucleus and let us suppress 
spin effects. (The inclusion of the latter only complicates and, thereby, be- 
clouds the fundamental points.) The infinite target nucleus is a homogeneous, 
isotropic medium so that there must be an invariance against translations of 
the origin. There is no preferred direction or origin. Then the most general 
nonlocal potential Uo is given by 


Dw = f arverke, r’—r). 19. 
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Let 


o=r'-r 20. 
then 


Vw = f deK(E, ower +0) = ( fdoKEeexr(e-v)) vi). 21. 


It is obviously convenient to introduce the three-dimensional Fourier trans- 
form of K: 


K(Ee) = (5-)  f dake, a) exp (— are) 


22. 
1 3/2 
KE) = (5) f doXCE, o) exp (ig-o). 
T 
Then 
1 
Uw = (21)*/2k (z, F v) y(r). ze. 
The Schroedinger equation for y 
i? 1 
jv +[z- (22)3/2k (z, —v) |tv=0 24. 
2m i 
should be compared with the optical model equation 
2 
|v: 4 [E a vo |ty = 0. 25. 
2m 


One can relate V and k if one now makes use of the assumption of the iso- 
tropy of nuclear matter in the infinite nucleus. Then & is a function only of 
V? or explicitly 


2 
(2n)¥/2h (z, Ld v) = « (z, =. v:) 
4 2m 


Then 
V(E) = xK(E,(V™ — E)) 26. 


is an equation determining V™. It can be seen, as stated above, that the 
energy-dependence of V comes from two sources, the intrinsic energy-de- 
pendence of Up (nuclear matter is dispersive) and the nonlocality of Vo. 

Another way of describing this situation has been used by Brueckner 
et al. (50, 51, 52). These authors introduce the concept of the effective mass 
m* of a nucleon in nuclear matter. In the present context, this is an expres- 
sion of the nonlocality of the potential Us. To see this, expand & in a power 
series in (1/2)V: 


k[E,(1/i)V] & RCE, 0) + (1/4) ¥- Ve [R(E, g)] — 3(9- ¥0)*[R(E, 9) | 27. 


where g is to be put equal to zero after the differentiation is performed. 
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From Equation 22 


k(E, 0) = (1/2m)¥2 f doK(E, e) 28a. 
1 ; 
}— volte, ol = [1/(2=)}** f doo (&, e) mn 
— { (7+ We)*[A(E, g)]} ano = [1/(2m) }*” f deK(E,e)(9- ¥)*. 28c. 


Assuming isotropy of the infinite nuclear medium, the integral in Equation 
28b vanishes so that 


(2x)*/k[E, (1/4) ¥]— Ko(E) + (1/6)Kx(E)V? 29. 


where 
Ko= { deK(E,0), Ks= f dop*K(E, o). 30. 
Insert this result in Equation 24 to obtain: 


[(—-- = kK) V8 +E - Key =0. 


One can obtain the effective mass from? 


a he 
am 6. 2m* 
or 
* 
™ = ——__ 31. 
m 
as 
32 


For attractive potentials, K2 is negative so that m*/m <1. As was asserted, 
the effect of the nonlocality of Uo is reflected by deviation of m* from m 
since, if Us were local, Kz would equal zero. One could, of course, solve 
Equation 26 to the same approximation as Equation 31: 


K(E) — api EKAE) 
VOm 32. 


m 
8 <n cone 
aa Ke) 





8 This definition of m* differs from Brueckner’s which, near zero wave number, is 





mL Ge).1/D - se] 


so that 


= (wave no.)? 
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showing the equivalence of the two points of view, the effective mass, and 
the energy-dependent potential for describing a nonlocal potential. 

In summary, we have shown that one can obtain a generalized optical 
potential by projecting out the ground state of the target nucleus. This 
optical potential is energy-dependent, nonlocal, and, finally, complex if there 
is inelastic scattering. In the empirical optical potential, the nonlocaliza- 
bility is reflected by an additional energy-dependence of the potential. 
These remarks do not apply to the low-energy optical model as yet because 
the latter is obtained only after averaging over resonances. However, as 
will be seen in Section 4, the above discussion is, in fact, valid for low energies 
as well as high. 


3. OpTicaAL MopEL AT H1GH ENERGIES; MULTIPLE SCATTERING 
APPROXIMATION 


Serber (10) first pointed out that at high energies the motion of the inci- 
dent nucleon within the target nculeus could be treated classically as a 
series of successive two-body collisions of the incident nucleon with the 
individual nucleons of the target nucleus. In addition, at sufficiently high 
energies, these collisions could be treated as collisions between free nucleons, 
employing, of course, an appropriate momentum distribution for the target 
nucleons. This kinetic theory approach was employed by Goldberger (11), 
who replaced the target nucleus by a Fermi gas. One can then obtain the 
inelastic cross section and mean free path of the incident nucleon. The 
imaginary part of the optical potential is thereby obtained, but no informa- 
tion is obtained on the real part and, therefore, on the elastic scattering. 

To obtain the elastic scattering, it is obviously necessary to consider the 
incident nucleon as a wave and to generalize the Serber-Goldberger multiple 
scattering of a particle to the multiple scattering of a wave. The assumptions 
about the nuclear medium remain essentially the same as in Serber’s model. 
However, the motion of the incident nucleon is treated quantum mechani- 
cally. 

The multiple scattering of waves is actually a relatively ancient subject 
since it was employed in discussing the index of refraction of a medium for 
waves of light or sound. The history of this subject is reviewed by Lax (53). 
Lax also generalized the earlier work of Foldy (54), employing the T-matrix 
formalism of Lippman & Schwinger (55). In this treatment, the medium is 
considered to be a fixed (albeit possibly random) system of scatterers. The 
wave incident on a particular scatterer consists of the incident wave plus the 
scattered waves emanating from all the other scatterers. It is assumed that 
the distance between the scatterers is (2) many wavelengths and (b) much 
larger than the range of the potential energy between the incident and 
target particle. Then the wave from one scatterer at another scatterer is 
just the asymptotic form, an outgoing wave times a scattering amplitude. 
The total wave then consists of all the scattered waves plus the incident 
wave. The wave scattered from a particular scatterer is the result of the 
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scattering of the incident wave plus the scattered waves from all other par- 
ticles. These two statements lead to the two fundamental equations of 
multiple scattering theory. The final step for a random set of scatterers is 
to average these equations over the distribution functions describing the 
probabilities for the positions and states of the scatterers. As a final approxi- 
mation, one assumes that the average incident wave at a scatterer is just 
proportional to the average total wave. Then the average total wave satisfies 
a modified wave equation. If in vacuo 


(E — Hoy = 0 
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then in a medium 
[2 ~~ f o(recr)ar, | wy) =0 33. 


where p is the density of scatterers and where () signifies average total 
wave. (The local field correction has been dropped.) Here ¢ is the T matrix 
for two-particle scattering of the incident particle by a particle in the medium 
for a scatterer located at r,. The meaning of this term becomes clearer if its 
matrix elements are evaluated with respect to plane waves, i.e., if one goes 
over into momentum space. Then 


f ar exp (— ther) f o(r.)i(r.)are exp (ihe-1) = tha f 0(1.) exp (i(ke— ha) -ra)dr,. 34. 


Here fa is the 7-matrix element which gives the scattering, by a scatterer 
located at the origin, of a plane wave (wave number &,) into a plane wave, 
wave number k, where these are evaluated inside the medium. It will be 
seen that in the nuclear case an essentially identical formula is obtained. 

Let us summarize the approximations involved. If re is the distance 
between the scatterers, po the range of the potential, and k the wave number 
inside the medium, then the following is required: 


kpo> 1, kro> 1. 35. 


These inequalities are required in order that the scattering from one of the 
scatterers can be treated as a two-body rather than a many-body problem. 
For nuclei, this assumption is part of the impulse approximation (56 to 58). 
Two assumptions are made with regard to the medium. First, it is treated 
as a system of scatterers, each of whose position is known; i.e., the adiabatic 
approximation has been used for the motion of the scatterers. This approxi- 
mation is certainly correct if the incident particle’s energy is high. However, 
in addition, it is necessary that forward scattering be dominant. From Equa- 
tion 34, one can see that this means that 


| ka — ky | ro>> 1 36. 


where one has assumed that &/ro is the maximum momentum in the density 
function p, which in turn is just the square of the wavefunction for the scat- 
terer. Inequalities 35 and 36 require that the energy of the incident particle 
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be high. Finally, one must assume a large number of scatterers in the medium. 
This is necessary for the replacement of the average wave incident on a 
scatterer by the average total wave. 

The classical multiple scattering of waves has been discussed in detail 
because it motivates the analysis for the high-energy optical model approxi- 
mation. Moreover, the results of the latter are identical with Equation 34, 
and the very same conditions of Equations 35 and 36 enter. 

It should be clear from this discussion that the goal of multiple scattering 
theory is the expression of the optical potential in terms of the two-body 
scattering amplitudes. Actually, this replacement had been employed by 
several authors (59 to 63) for reactions such as meson production in nuclei 
by photons. The authors essentially used physical arguments whose justifica- 
tion was later considered by Chew, Goldberger, Ashkin & Wick (56, 57, 58) 
and dubbed by them the impulse approximation. (This term will be used 
later in this paper, but in a narrower sense.) Lax discusses these problems 
also, and he points out that they can be considered as examples of the multi- 
ple scattering of waves. 

The adaptation of the multiple scattering formalism of Foldy and Lax 
to describe the scattering of a nucleon by a nucleus has been given by Watson 
and his collaborators (30 to 34). This work is completely general, describing 
the multiple scattering of any particle by any quantum-mechanical system. 
It has been recently discovered by Kerman, McManus & Thaler (64) that 
considerable simplification is obtained if immediate use is made of the 
antisymmetry of the wave function for the ground and excited states of the 
target nucleus. We start with the integral equation for the transition matrix 
a3 

T=V [1 + a r | : 37 

E+ — Ho an 
Kerman et al. point out that one is interested only in matrix elements of 
T between antisymmetrized states of the target nucleus. Since both V and 
Ho are symmetric in the coordinates of the target nucleons, the target nu- 
cleus wavefunctions which can appear as intermediate states must all be anti- 
symmetric. Therefore, the definition of the operators in Equation 37 can 
be restricted to the subspace of antisymmetrized wavefunctions. Now it is 
assumed that V is a sum of two-body potentials: 


A 
V= > Va = DY Vito, Ya). 38. 
1 
Then the matrix element of V between any two antisymmetrized states ¢, 
and dp, is 
(hn; Vom) = A (on; V(ro, 11)m) 39. 


where 7” is any one of the target nucleon coordinates. One may, therefore, 
replace V in Equation 37 by 


V= Ad; v= V(r, nN) 40. 
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so that 


T = Avl| 1 r |. 41. 
*[ +e He 


Since v is a two-body operator, a correspondence can now be established be- 
tween the two-body and many-body problem. In the two-body case the T 
matrix, #, is 


1 
t= 1 + ————¢ I. 42. 
tere) 
One is, therefore, led to consider the many-body operator 
: 3 
roolita—a,*]; i 


The relation between ¢ and 7 will be discussed later. Let us now eliminate v 
from Equation 41 in favor of r. The formal solution of Equation 43 for v is 


-1 1 -1 
-*[1+ 5 =. r| o[t+ea— val _ - 


Similarly, the formal solution of Equation 41 is 


ong 
r= [1-40 Av. 45. 
Substituting the second form of Equation 44 in Equation 45 yields 
1 -1 
T=[1-(-1)r Ar 46. 
or 
fsivttivtcdees 47. 
E+ — Ho 
The form of Equation 47 suggests the definition of a new T operator 
T’ = [(A — 1)/A)]T 48. 
so that 7” satisfies 
1 
T = (4-1)r[14+5— r’|. 49. 


If we find 7’ we can obtain the actual scattering by multiplying by A(A —1). 
Equation 49 is identical in form with Equation 37. The effective many- 
body potential is (A—1)r. One can, therefore, take over the analysis in 
Section 2, which led to the generalized optical potential. One obtains (see 
Equation 16) 


Vo’ = (ho, V’ go) 50. 


1 
= (4-1 [14+5— San aye On4 - DF] 51. 
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The scattering amplitude computed from the optical potential Uo’ must be 
multiplied by A/(A —1) to obtain the true scattering amplitude. Equation 
51 is identical with Watson’s result to order 1/A. 

Up to this point the analysis is exact. The high-energy approximation 
involves two steps. First, there is the ‘“‘multiple scattering approximation”’: 


VU’ (A — 1I)r. 52. 
Second, there is the impulse approximation 
(bo, tho) > (ho, tho). 53. 
From these one obtains the approximate result for the optical potential: 
Uo’ (A — 1) (oo, to). 54. 


It is most convenient to obtain the components of Uo’ in momentum space. 
The following notation is used: 


1 3 
Vd (q'|q) = (=) f exp (— ig’-r)Uo’ exp (ig-r)dr. 55. 


Inserting this into Equation 54 one obtains 


Vi'(q’|q) = (A — 1) <u, [(-) f exp (—ig’-r)t exp (ig: rar | o>. 56. 


Recall that ¢ is (except for trivial proportionality factors) the scattering 
amplitude evaluated at rfor a scatterer located atr. It is, therefore, a function 
r—r, with the consequence that 


1 3 
(x) J exp (—ig’-r)t(r — 1) exp (ig-r)dr = exp (i(g — 9’)-ri)H(q’|q) 57. 


where t(q’|q) is just the ordinary T matrix for the scatterer placed at the 
origin, as is customary: 


1\3 
Kala) = (-) J exp (—ig’-1)é(r) exp (éq-r)dr. 58. 


The components of Uo’ in momentum space become finally 


- 


Vi'(q’| gq) = (A — 1)tQ’| q) f on) exp (i(q — q’)-n)dn. 59. 


where pdr; is just the probability of finding a target nucleon in volume ele- 
ment dr: 


p= f dre-+-dral go(rs- ++ 14) | 60. 


Equation 59 is essentially identical with the expression of Lax, Equation 34. 
We have succeeded using the approximations of Equations 52 and 53 in 
expressing the optical potential in terms of two-body scattering amplitudes. 
This result will be developed later, but let us now consider the region of 
validity of the approximations. In general, they will be found to be valid 
in the high-energy domain. 
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Let us first consider the multiple scattering approximation in which the 
second term in Equation 51 is dropped. Calling this term AU’ and rewriting 
it slightly, one obtains: 


OPTICAL MODEL AND ITS JUSTIFICATION 





AUs! = (60, AV’) = C60, (A — 1100 = — -Qu(A — 1)rb0>. 61. 


1 

Hy — (A — 1) 
The matrix element has been written in this form in order to emphasize 
that this correction term involves only transitions of the target nucleus 
from the ground state @ to excited states and then back again to the ground 
state. In terms of the impulse approximation, this is an inelastic scattering 
via (A —1)r7 by one nucleon of the target nucleus followed by a second inelas- 
tic scattering which brings the target nucleus back to its original state. This 
implies a strong correlation between the nucleons of the target nucleus, as 
well as the requirement that the distance over which the corrleation exists 
is smaller than a wavelength of the incident nucleon. Correction term 61 is 
expected, therefore, not to be important when 


gro>> 1. 62. 


Here it is assumed that the correlation distance is of the order of magnitude 
of the distance between particles. Condition 62 is also obtained by Lax (see 
Equation 35). 

Using the methods of Francis & Watson (31), it is possible to be more 
specific. We first shall replace (A —1)7 in the denominator of 61 by an aver- 
age value for all excited states of the target nucleus. If we make the shell 
model assumption that the effective potential is about the same for all states, 
then the average value of (A—1)r is the same as it is in the ground state 
and, therefore, according to Equation 54 is approximately Uo’. Therefore, 


1 
AUVs’ (A — 1)* C0, 700 Srizw r60> 63. 








~ (A - 1) [ Xo» — z =a r60> 


$0 > Go, rex) | . 





— 0, rho) 0, E* — Hy — 0’ 


The second form makes it clear that one is dealing with a fluctuation type 

term. Replacing 7 by ¢ one finds AU,’ in momentum space: 
1 3 

avsi@’| a (5) 4 — 08 f andratgloln, 2) - o(r0(09)] 

t(q' | a”)t(@"’ | @’) 


Et — Ko(q”) — (2x9 AY) 
Va 


where V4 is the nuclear volume. Here it has been assumed that Vo'(q|q’) 
~6(q—q’) as is evident from Equation 59 if p(r,) is essentially uniform and 


65. 





-exp (é[(@” — 9’)-n + @ —9@”)-12)) 





t(q”’ | q”) 
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if the target nucleus is very large. Here condition 36 is used. The function 
p(n, 2) is 


p(n, 72) = f | do(n, Yo,*** Ta) |*dr, - ++ dra. 66. 


If, for example, ¢o were the product of single-particle wavefunctions (no 
correlation between particles), p(t, T2)—p(t1)p(r2) is zero. Actually, there 
is at least the correlation enforced by the exclusion principle as well as that 
required by the nucleon-nucleon forces. Since the correlation range is of the 
order of the internucleon distance, it is clear that one of the (A —1) factors 
will be cancelled. The coefficient of the remaining term has been evaluated 
very roughly by Watson (31, 65), and the indications are that it is small, 
decreasing inversely with gro. The evaluation of Equation 65 is then in part 
still an open problem. In any event, it is clear so far that conditions, Equa- 
tions 35 and 36, are certainly necessary. Watson’s calculation indicates that 
they are also sufficient. Empirically, as will be seen, the potential of Equation 
59 does predict the small-angle scattering at high-energy nucleon-nucleus 
scattering and polarization (64, 66). 

Let us turn now to the impulse approximation, Equation 53, in which we 
wish to compare (do, 760 )— (do, to). From Equation 43 one finds immediately 
that 


(bo, T0) = (Ho, 20) [1+ + ——— xz, rn) | + Coo95 I 7, Our. 67. 


If the last term in the above could be dropped, (go, To) would satisfy the 
same equation as t, Equation 42. It is of some interest that (do, 70) does exact- 
ly satisfy an equation of the form of Equation 42, except that v must be 
replaced by v’, where 


7 = <0 [° +4 - Qw | boy. 
‘ E+ — Hy — Qu r 


A condition for the validity of the — approximation is then that 


C60, 0 =—— 7, One Kt. 68. 





Replacing v by 7, Equation 44, this condition becomes 


G0, 7 1 a Ore p paat ~ C07 = 


SKE ow. 





This term is quite similar to AU’ except for the (A —1)? term and a some- 
what different energy denominator. From the discussion there one can expect 
that the correlation will again be important and that the left-hand side of 
Equation 69 will be of the order of (1/A)t, so that inequality 69 should be 
satisfied very well for large nuclei. Another effect arises from the energy 
denominator in Equation 69 (which has been approximated) in that we are 
considering the scattering from a bound nucleon rather than from a free one. 
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This effect has been evaluated by Chew, Goldberger, Ashkin & Wick (56, 
57, 58), who have found that the relevant parameter is (Vgy?/E*)(q) (free 
scattering amplitude), where Vay is the average potential energy of the bound 
nucleon. This parameter decreases with increasing E, indicating that at suf- 
ficiently high energies the approximation is very good. 

We shall now return to Equation 59 for the optical potential V'o(q’|q). 
As Bethe (66) points out, this is the optical potential in momentum space, 
and there is no need to transform to ordinary space. Actually, one requires 
t(q'| q) both on and off the energy shell (¢=g’). These values can be obtained 
from the wavefunctions describing the nucleon-nucleon system, which, for 
example, are contained in Gammel & Thaler’s analysis (67). However, the 
integral over p in Equation 59 shows that for sufficiently high energy and 
uniform p and large A that g-~qg’. In the discussion below, we shall follow 
Riesenfeld & Watson (33) and Clementel (68). Related discussions are given 
by Fernbach, Heckrotte & Lepore (69) and Tamor (70). 

It is now customary to express ¢ as an operator in spin space; that is, as a 
function of do and ¢;. Then t(q’| q) is the expectation value of this operator 
with respect to the ground state of the target nucleus. Assuming the latter 
to be of spin zero, the expectation value of 6; is zero. When the spin is not 
zero, there are effects which depend on the total spin J of the nucleus which, 
as Takeda & Watson (32) point out, are of the order of J/A. Therefore, 
t(q’| q) is a linear function of é. A second point is that ¢ is generally given 
in the center-of-mass system of the two nucleons. If we let p and p’ be the 
center of mass system momenta, then the average scattering amplitude 
(|b) must be of the form 





T(b'| ») = Fold, 2’, bb’) + ia ERP Fld, #,9°9)- 7” 





Now, since g& q’, we shall place p=’ and evaluate Equation 70 to first 
order in the angle between g and q’: 


, 


Fe’ | p) & M((p) + ibe”. - p M, (p) 71. 





where the functions My and M, are obviously evaluated on the energy shell. 
The next task is to transform from the center-of-mass system to the labora- 
tory system. Including relativistic effects, it is found that 


Kq'|q) = — Gey Ee —f 72. 


PXPp 2. qXxq 
?? 7 mec? ¢ 


73. 











where E, and £y are the energies in the center of mass and laboratory sys- 
tems, respectively. The optical potential becomes 
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E, 





Vi'(q' |g) —4r 


h? 2iE. 
— (A - Mo + —— = 60: (q’ M. 
Ey 2m =~s [ viol me*q? ities ‘| 


74. 


(=) f p(n) exp (@(q — 9’)-n)dn. 


Riesenfeld & Watson (33) give My and M, in terms of the nucleon-nucleon 
phase shifts and mixing parameters. 

To obtain the optical potential V in ordinary space, one proceeds as 
follows (33, 68). The wavefunction in momentum space y/(qg) is related to 
the wavefunction in ordinary space V(r) by the Fourier transform 


vq) = { ar exp (—ig-1)¥(. 75. 
Therefore, 
f aqvqyova’| a) = f areer exp (-ia-7) f exp Ga - ¢)-NDL@| ada’ 
= f dr¥(r) exp (—ig-r) Vd, r) 
where 


Vg, 7) = f exp (i0-n)U'dQ, Q=q-q’. 16. 


vo (+ Vv; r) ‘ 
1 


Inserting Uo’, from Equation 74 and evaluating Equation 76, one readily ob- 
tains for a large nucleus 


E. 
Ex 


where, in accordance with the discussion in Section 2, all functions of V? 
have approximately been replaced by g?, where Ey, =h?q?/2m. One notes 
the appearance of the spin-orbit force. It is characteristically a surface effect. | 
Of course, the simple relation between the central and spin-orbit potentials 

given in Equation 77 is not exact. The nonlocal nature of the potential has 
been converted into the energy-dependence of My and M;. My and M, are 
complex. As can be seen from Equation 59, the imaginary part of Mo for 
spherically symmetric p is directly connected with the total nucleon-nucleon 
cross section and, therefore, with the mean free path of a nucleon in nuclear 
matter. One, therefore, finds 


The potential operator is then 


2E. 1 dp 
Mi(q)6o-L — =| ie 
¢? 1(g) 0 r dr , 








1 he - 
vo (+ Vv; r) =—47 a5 (A - 1) | Mo(ao(r) + 


mc? 


Es h? - 
Im 4r — — (A — 1)pMo = hoy (A — 1)po. 78. 
Ex m 


Here vz is the incident nucleon velocity in the laboratory system and @ is the 
average nucleon-nucleon total scattering cross section. 
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This concludes our discussion of the high-energy approximation. We 
have found that an optical potential exists (Equation 59) under the multiple 
scattering and impulse approximations. These should be valid at sufficiently 
high energies. At sufficiently high energies and small angle scattering, it is 
possible to relate the optical potential directly with nucleon-nucleon scat- 
tering amplitudes on the energy shell (Equations 74 and 77). The range of 
validity of the high-energy approximation, particularly with respect to the 
scattering angle, is not clear. Certainly it would be dangerous to use these 
results near and beyond the first diffraction minimum since large cancella- 
tions occur there. 

Finally, the effects of the identity of particles should be mentioned. 
These have been considered by Takeda & Watson (32). These authors show 
that the above formalism can be kept as long as the exchange scattering in 
which the incident nucleon exchanges with a nucleon in the nucleus is small. 
They estimate that the exchange scattering decreases with energy and is 
unimportant above 100 Mev. 


4. THe OpticaL MopeEt at Low ENERGIES 

4.1. Energy averages——The optical model at low energies is concerned 
with energy averages of the cross sections. The energy average is required in 
order to smooth out the cross sections which, because of resonances, fluctu- 
ate wildly with even minute changes in the energy. The predictions of the 
optical model are compared with the average cross sections which vary 
smoothly with energy. In the discussion below of these energy averages, 
reference (20, 20a) will be followed, where the spin of the incident nucleon 
is neglected. 

The energy average 4 of a quantity, 7, is defined as follows 


1 E+4/2 
i(E) = — n(E)dE! = f n(E’)dE’. 79. 
A J Far A 


The width of the energy interval, A, must be large compared to the distance 
D between the levels so that a sufficiently large number of levels is included 
in the average. Then 7(£) will be insensitive to the exact size of A. The two 
cross sections of interest are the total o, and the reaction cross section o;. 
The total elastic scattering cross section @¢) is 


Gol =Ot — Or. 80. 


The scattering amplitude for spinless particles is written 
4 ‘ 
fre Dd (21+ 1)(1 — m)Pilcos 6); m = e%*) 81. 
where 6; is the phase shift. Then 


a=Sroa+ol Re (i — m)] = Do 82. 


oe = i (+111 —y l= > ou 
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and 
= pu a+yli- | u[?] = + oe. 84. 


The average of o,“” can be directly expressed in terms of the average of m: 


6.0 = = (21 + 1)[2 Re (1 — Hy) ] 85. 
while 

ox = = (at + 1)[1— |? — (lf? - | a2) 86. 

Ga) = (+ 1)[| 1 — Hal? + |i - | fn |]. 87. 


These equations suggest an ‘‘average’’ problem in which the 7; in Equation 81 
is replaced by 7. For this ‘‘average’’ problem whose cross sections will be 
indicated by the symbol { ), 


GO = (o,) 88. 
6.) = (a,) — og 89. 
Ca = (ca) + on™ 90. 


where on; is the fluctuation cross section (36) 


on® = = (2) + 1)[|me|? — | a |?]. 1. 


It can also be written 


gn® = 5 (21 + 1)| m — jl? 92. 





The optical model potential is defined as that potential which will pro- 
duce the average reflection coefficient 4;. Such a potential must be complex 
since even when there is no inelastic processes present (6; real, ¢,- =0), the 
magnitude of 4; cannot be unity unless there are no fluctuations present in 
the cross section. The absorption cross section arising from the complex 
potential, (¢,), consists of two parts 


(0) = GY + o, 


of which the first represents real inelastic processes, the second a con- 
tributes to elastic scattering as can be seen from Equation 89. Since (¢,“) 
measures the probability of the removal of a particle from the beam, on 
must represent a process in which a particle is absorbed and subsequently 
re-emitted, i.e., elastically scattered. This suggests that oq equals oe” 
the cross section for elastic scattering via the formation of the compound 
nucleus. Then (¢,) must be the cross section for the formation of the com- 
pound nucleus o,: 
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(oe) = oo"), 94, 


Equations 93 and, therefore, 94 are, however, not universally valid (36), 
being correct at low energies only. As the energy increases, the width be- 
comes of the same order as the distance between levels, and on‘ tends toward 
zero so that 





or) — (e,) 95. 
Fa — (oa). 96. 


In this limit the absorption cross section, as obtained from the optical po- 
tential, equals the average reaction cross section, etc. However, there is 
no need for g¢e to go to zero as the energy increases at the same rate as 74}. 
In fact one can show (47) that, even when of is essentially zero, @c¢ still exists. 
However, ¢ce now contributes to the real part of the optical potential. 

An understanding of this is provided by Friedman & Weisskopf’s (36) 
interpretation of the energy averaging and of oce. The evergy averaging is 
equivalent to the formation of a wave packet. When the incident wave 
packet is scattered by the target nucleus, it separates into two parts. One 
leaves the nucleus at once and is responsible for cross sections (o¢), (er) and 
(o1). The other is delayed inside the nucleus because of the formation of 
compound nuclear states, the delay being of the order of the lifetime of these 
states. From the point of view of the incident wave packet, this delayed 
portion constitutes an absorption from the incident beam in spite of the 
fact that some, Gee, of the delayed wave packet will contribute to elastic 
scattering. However, as the energy increases, the nuclear widths increase 
and, therefore, the lifetimes decrease. Hence, as energy increases, the delays 
due to compound nuclear formation can become of the order of the transit 
time of the undelayed wave packet. At these energies, the compound elastic 
scattering would need to be included in the calculation of (o;), etc. From the 
point of view of the undelayed wave packet, no absorption is involved. 

In summary, it can be seen that at low energies, where [/ D1 (T =level 
width, D=level spacing) (o,) equals ¢,+¢ce, while at high energies T/D21, 
(o;) equals ¢,. The compound elastic scattering is now automatically in- 
cluded in the shape elastic scattering cross section (¢.1). However, in the 
intermediate energy range between these two limits, of cannot be equated 
tO Oce. Further information is necessary (47). 

4.2. Kapur-Peierls formalism.—In order to obtain an optical potential 
which will reproduce 7), it is essential to have a convenient form of resonance 
theory. The Kapur-Peierls formalism (71) seems to fill the bill. This writer 
has developed another formalism (47) based on Equation 17, but it is as yet 
unpublished. The Kapur-Peierls formalism breaks configuration space up 
into two regions ro >R and ro <R, where R is roughly the nuclear radius and 
ro is the coordinate of the incident nucleon. For ro greater than R, the inci- 
dent (or emergent) nucleon no longer interacts so that it is possible to write 
the wavefunction for the system as 
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V= Doda (1+ + - 14) tn (1)/To, 97. 
where u, are free field wavefunctions. ¢, are the various possible states for 
the target nucleus, 7 =0 being the ground state. For spinless neutral particles 
and /=0 (see Equation 81) 


uo —> ero — noe**ro. 98. 


Inside the nucleus, V is expanded in a complete set, V,, of wavefunctions 
which are solutions of the full problem 


(Ho + V)¥v. = Wwe. 99. 


These wavefunctions satisfy outgoing boundary conditions at ro=R. More 
specifically, 


0 
at ro = Ri —— f atin ++ tg@dn---d ot f dn*(ty + + ra)Wedr, ++ +dra 100. 
To 


where k, is the wave number for uw,. For the entrance channel, »=0, ko =k. 
The energies W, are complex with negative imaginary part. The problem of 
nuclear reaction theory is to join a linear combination of VY, and the WV of 
Equation 97. To accomplish this, the Green’s function method is employed 
(72). The Green’s function for Equation 99, i.e., inside the nucleus is written 
as 


Ges ———— 101. 


where in a space representation G=G(ro - - - ra| ro - - - ra’). G satisfies the 
same boundary conditions as VY, (see Equation 100). Using the Green’s 
function, VY can be expressed in terms of its values on the surface ro=R as 
follows: 


h? ov 
vYT=— G(fo+-> fel - 2 ¢ 74/) | —— 
Fe WGtr0 «= ral re ra 
G Ul , , , 
— Yes ra [rea] , R*dQo'dry’ - - + dra’. 102. 
0 rg =k 


Evaluate both sides of this equation at ro=R and take the scalar product 
with oo. Then, using Equation 97, one has 


uo(R) = =. (¢0G¢o) [“ =- ikue | 103. 
2m Oro ro=k 
where one has specialized (again to keep the discussion simple) to ] =0 spin- 
less particles. G, as far as its dependence on ro and ro is concerned, is now 
a radial Green’s function, permitting the absorption of the 47 and R? factors 
in Equation 102. The symbol (@oGq@o) is 


= f a » ++ dradn' +++ dra'oo*(n +++ ra)G(R, n+: ra| R, ri’ + - + ra')bo(n’ + + + ra’) 








| 
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so that 


f server eee dra { Yebotn’ -++ dra’ 


(g0Geo) = >> ——s at ro = R. 104. 





We shall be more specific about Y, in a moment (see Equation 108). 
For the present, it is sufficient to say that 


f Saud +++ dra = bea 


the integration between taken over the region in configuration space ro < R. 
Substituting expression 98 for uo, Equation 103 can be solved for mo: 


ja 
Po [1 + ik— (Goo) | oh 105. 


The first term is just the repulsive potential scattering, while the second 
term gives the resonance scattering, as can be seen from Equation 104. The 
imaginary part of W, measures the width of the level. 

The important point to be learned from this calculation is that the reso- 
nance terms in yo depend on the structure of the compound systemonly via the 
Green’s function that is only on 


C60 ae > 


evaluated at ro and ro’ = R. 

If one had gone through the very same process replacing the nucleus by 
a complex potential well, the final expression for 79 would be identical with 
Equation 105, except that (@oGdo) would be replaced by the single particle 
Green’s function g 


1 

g= E_K,—0. 106. 

with both variables of g, ro and ro’ evaluated at R, where Uo is the complex 

optical potential. The problem then of the optical potential now becomes 

that of finding a g which will reproduce the average behavior of (goG¢o). The 

formulation of the problem in these terms is essentially that of Bowcock (73) 
and Brown & Dominicis (74). 

4.3. Intermediate coupling model.—Barschall’s data (19) with its giant 
resonances suggested immediately that the shell model was a good zero ap- 
proximation to the wavefunctions of the compound nucleus (75, 76). The 
deviation from the average potential of the shell model is then responsible 
for the fine structure and the narrow resonances of nuclear cross sections. 
But the average behavior of nuclear cross sections was expected to be a 
reflection of the shell model. This concept suggests the following expansion 
of the compound nuclear wavefunction ¥V,: 
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WV. = DY (cl mp)dn(rs « + - ra)xp(10) 107. 
np 


where Xp are wavefunctions of a single particle moving in a complex potential 
well Uo, subject to outgoing wave boundary conditions. 

The intermediate coupling assumption reveals itself in the properties of 
the coefficients (c| mp). We shall assume a coefficient (c| np) to be small 
when the energy ReW, differs markedly from the shell model energy €,+&5, 
where €, is the energy of the m™ excited state of the target nucleus, while 
&, is the real part of the energy for xp». We can now be more explicit about ¥,: 


¥, = = (c| np)*on*(ti + + + 14)xXp(To). 108. 


np 


The functions x, satisfy the orthogonality relation 
J xoxedre =b,, rm< R. 


Inserting these expansions into Equation 104, one obtains 


> (c | 0p)*(c | 0g)xp(R)xa(R) 
on E-W. 


110. 





{g0G¢o) = 


To make contact with experiment, one must average this expression over 
many resonances ¢ contained within an energy interval A. We take A to be 
much larger than the width of any of the resonances and, of course, large 
enough to contain many resonances. One also makes the ‘‘statistical approxi- 
mation,”’ in which one asserts that the coefficients in the expansion 107 have 
a random phase. One, therefore, obtains for the average: 


(¢oG¢o) = — = iz | (c| 0p) |2xp2(R) + terms from distant levels. 111. 
pe 


The sum is, of course, taken over the levels contained in interval A. The 
terms from the distant levels contribute to the potential scattering so that the 
net potential scattering includes these terms as well as the first term in 
Equation 105. The first group of termsis just the compound elastic scattering 
terms and is solely responsible for the complex nature of the optical potential, 
if, for the present, one assumes that the energy of the incident nucleon is 
below the threshold for inelastic scattering. The intermediate coupling model 
asserts that | (c| Op) |? has a maximum near ReW,=6&, and that only this 
term is needed in the sum over p. 

Consider now the scattering from the optical potential model. One finds 
that g(R| R) is 


(R| R) = 


—_—_—_—_ 112. 
Pp E-6& +iV, 


One now asks what properties the optical potential is required to have in 
order that expressions 112 reproduce Equation 111. It is clearly required that 
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Vp, the width of single-particle level, , must be small compared with the 
distance between single-particle levels D 
Im W.K Vp< D. 113. 
In that event one can rewrite Equation 112 as follows: 
—iV pxp*(R) 


g(R| R) = e-i37 





+ terms which do not resonateatE=6&,. 114. 


Comparing Equations 114 and 111, one sees that the optical model must 
satisfy the following equality: 


| (cl Op) |? Vp 
D  « (E—6&,)?+ V;? 


This equality holds for Z near &». One sees that | (c|0p)|* does, in fact, 
start to fall off as E differs from &). The equality does not hold when E£ differs 
considerably from &,, for then the nonresonating terms must be included. 

If the optical potential is a square well, then V, is equal to the imaginary 
part of the potential (35). One can then determine from the empirical analysis 
of scattering, which yields V,, that inequality 113 is satisfied. The left-hand 
side of Equation 115 is directly proportional to the strength function (35), 
which, in turn, at low energy is proportional to the reduced widths/D. 
Equation 115 is the giant resonance interpretation of this quantity. 

This discussion, which is for the most part a composite of the work of 
Thomas (35); Lane, Thomas & Wigner (77, 78b); and Bloch (78) is not com- 
plete. [See also Agronovich & Davydov (79).] One needs to know the range of 
validity of Equation 115. One needs to discuss the real as well as the imagi- 
nary part of the potential. In this connection, the work of Bloch (78a), Bow- 
cock (73), and Brown & Dominicis (74) will be reviewed. In all three of these 
papers, the main effort is directed toward obtaining an approximation for 
the average value of [1/(E—JH)]. 

We shall discuss first the work of Bloch (78a), whose attention is directed 
toward Equation 115. As it stands, Equation 115 was derived presuming the 
existence of the optical potential. Bloch is interested in deriving Equation 115 
and, therefore, in effect proving the existence of the optical potential. His 
starting point is the equation 


115. 





1 1 
eA tn. wf 7, — $8) — oti 116. 
D | (c| Op) | xi Ee, [G,(W i6) — G,(W. + i6) | 


where G, is defined by 
1 
E) = —— ; 117. 
Gp(E) (xs E_H xsb0) 


In taking this matrix element, note that because of the orthogonality condi- 
tion 109, the complex conjugate of x, is not taken to the left of the comma. 
Equation 116 may be verified by direct substitution of series 107 and 108 
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in the expansion of the Green’s function [1/(E—H)]. The interest then lies 
in the average value of G,(£). 
The function ¢,X» are solutions of the Schroedinger equation 


(Ho — E,)bnxp = 0 118. 


where Hp contains the Hamiltonian for the target nucleus and the Hamil- 
tonian for the coordinate fo in which the incident nucleon is presumed to 
move in some average, possibly complex, potential. The difference between 
Hy and H is introduced as: 

U =H — Hp. 119. 
Then, in terms of U, one has 

1 1 
E-H E-H,-U 
1 1 1 1 1 1 


= U U U vee, 
E-H,' E-H ea s-E E-H, E-H, 








Forming Gp, one has 


1 1 1 1 
G,(E) = > U i. ooo Wf ‘ 
{E) E-~, wre, "E-E, i? — Ep 





121. 


where U,,; are matrices of the operator U with respect to the solutions of 
Equation 118. The next step is to average G,(E) over the various possible 
values of E,, etc., and over the possible values of the matrix elements. Bloch 
makes the following assumptions. First, the values of U,; are chosen at 
random from a distribution. It is assumed that the distribution has such 
properties (e.g., Uz, has a random phase) that 


(Uo) at) = 0, q integer. 122. 


The average value of an odd power of U,, is zero. Secondly, it is assumed 
that the average value of the even powers of U,, is a function only of Z, and 
E,. This function is presumed to differ from zero only when E, and E, are 
within a range W of each other: 


|Z, —E,| <W. 123. 


In addition it is assumed that 


(e)% = U%(Ey, E,) = Usteug ( 


Es _— =) 
WwW 


where 
Uo(0) = 1 
and 
tg($) +0 for |¢| >1. 125. 


Under these assumptions the average value of a termin the sum in Equation 
121 takes on the following form 





OPTICAL MODEL AND ITS JUSTIFICATION 





f dE, -:-: dE, Up ie oo Uap 
D(E;) + + + D(Ey) (E — E,)’e*(E — E))(E — Ey)’ - ++ (E — Ey)’ 
where v; gives the number of pairs of matrix elements in which the subscript 
i occurs. Introducing assumption 124 and the new variables 

E; =W.,;; E =W,, 
this integral becomes 


Ue Tu2; 








In, > + + a 
Wat" +%9---+*o DE _ rr | dx, a (x —_ x)"1 eee (x = Xq)"a 


where & is just equal to the number of matrix elements U,, present, 
kR=vptnt--:-> vg. 
For sufficiently large W, the dominant terms in the series for G, are those for 
which 
g=ntwt:-:-: vm. 

This corresponds to each energy denominator (1 to g) occurring just once. 
Because of Equation 122 the matrix elements must describe transitions from 
p to 1 and then 1 back to , from p to 2 and then back to p, etc. Keeping 
only these terms, one finds 

tm = f dE, +--+ dE, U(Ey, Ex)U®(Ep, Es) +++ 

a9 DK) --- D(E,) (E — E,)t(E — E,)(E — E)--- 





Finally 
1 
E — E, — ¢(E) 





a 
Gp = 


d& U (Ep, &) | 
Dé) E-& 
In order to evaluate Equation 116 one requires 
5 , d& U(E,, &) 
5) = 
CE +S) = By, f Dg) E+i—6& 


(2) 
=A — ig nD 127. 





¢(E) = 





where we employed the usual separation of the integral into a principal value 
integral and a residue at &=E. If this result is inserted for g in Equation 
116, the desired form (Equation 115) is obtained and V’, can be identified as 
follows: 


rU®) (Ey, We) 
. DW.) 
Bloch has thus obtained an expression for the width of the giant resonances 


in terms of the matrix element of the perturbing Hamiltonian U=>H—Hp. 
He has, moreover, shown that the giant resonance form (Eq. 115) is correct, 


128. 
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from which it follows that the optical potential exists. The statistical model 
he uses (Eq. 122 to 124) is quite realistic. The parameters of the approxi- 
mation are D/W and V,/W. He requires that the distance over which 12, 
differs appreciably from zero be much larger than the distance between the 
levels or the width of the giant resonance. If this is the case, it is shown to 
be plausible that Equation 126 is the first term in an asymptotic expansion 
in D/W and V,/W. The only issue which remains then is the estimate of W. 
Bloch shows that 





Me 129. 
Mz 2 
where 
= > (W. — Ep)? (c| Op) |?. 130. 


This second moment has been estimated by several authors, notably by 
Lane, Thomas & Wigner (77) and more recently by Vogt (80) and Vogt & 
Lascoux (81). These last authors obtain the result that M2 is less than 
(10 Mev)*. Using empirical values of V,, one finds that the ratio V,/W is 
indeed small. 

Bowcock’s (73) main results are concerned with the real part of the opti- 
cal potential. It is this potential which is responsible for the scattering be- 
tween resonances. We had already mentioned Bowcock’s starting point in 
the discussion following Equation 105. In order that the optical potential Uo 
approximates the actual scattering, the single-particle Green’s function 
1/(E—Ko—Wo) should equal the expectation value in the ground state of 
the target nucleus of 1/(E—H), i.e. 


1 
Con E-H o>: 


In both quantities the coordinates ro and ro’ in the incident channel are 
evaluated at the surface of the nucleus. It is now noted that 


Po, ar o> 
1 


= ere ON + le S RE Se, mY — oe 





1 
rey ea 


- a ee 7 V \ ; 1 >t 
tio Koo UO) F= , 0, Vibe 75 Ke~Ges 131. 


ft’ pos Sey ___! yung. 
+ |X os er We- rapa o ~ Vd EX i 0," Velde 7 
a 
py ea 


where the braces indicate that the coordinates 79 and 7’ are to be evaluated 
at R. The assumption of intermediate coupling enters in the approximation 
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(V — Vo)bo > (bo, (V — Vo)*¢60) ———— 132. 


E—Kyv—Ws E- Ke—Ve_ 


This approximation is valid if, as the intermediate coupling theory proposes 
to first order, the only intermediate state of importance in the evaluation of 
1/(E—Ko—Vo) is just the single-particle state responsible for the giant 
resonance near the energy E. This essentially assumes that the width of the 
giant resonance is very much less than the energy spacing between single- 
particle levels of the same character. The intermediate coupling approxima- 
tion also permits the reduction of the last term in Equation 131 to a finite 
number of terms coming from the fine structure resonances contained in the 
giant resonance near E. Therefore, according to Bowcock, the first three 
terms in Equation 131 may be interpreted as describing the potential scatter- 
ing. A potential Us which does describe the potential scattering must satisfy 
the equation 


Coo, (V — Vi) 


1 1 
ls Us 0” - Ss 


+ {a - 14+ 7 -vw [gs] ft - 0. 


where 
= ($0, Veo) and V2? = (Go, V%4o). 134. 


For the /=0 spinless particle case, the single-particle Green’s function 
g(ro, ro’) [the representation of 1(E—Ko—‘Vo) in space] can be represented 
for ro’ <ro as a product of factors which individually depend upon fo and 
ro’. Therefore 

g(R, To’) = f(To’)d(R) 


Equation 133 becomes 
(V - Vln + (F102 - V+ 0 -09'] = — 1) = 0. 


or defining h(r) by 
1 
eee, ye 135. 
E— Ko ~~, P 


one finally obtains 
41V —Volf) + [V2 — V)? + V —00)*]A) = 0. 136. 


Since f and / are known functions, this equation relates Vo, V and V2. By 
assuming simple forms (e.g., square well inside nucleus), the real and imagi- 
nary depths of Up can be determined if V and V? were known. Note these last 
two quantities are real. Actually, Bowcock works this in inverse order. By 
assuming a form independent of energy for Uo from empirical data, he 
evaluates [V] and V?—(V)?. 


78 FESHBACH 


Brown & Dominicis’ paper (74) is a continuation of Bowcock’s attack. 
They stop the expansion Equation 131 one term earlier, viz: 


oo , aF > 


1 
a ree cube! 

st ha lee to,(V — Vo)oo £=3,<% - 
: 


1 1 
a a Ye _ pce 
E-a" .F—K 0. Vide z= Ko — Vo 


Brown and Dominicis are able to show, using the intermediate coupling ap- 
proximation, that when E is between two giant resonances the last term in 
the above equation is of the order of width of a resonance divided by the 
single particle level spacing. The main device employed is the replacement 
of 1/(E—H) by 1/(E —E), where E is the average energy between two giant 
resonances. They then replace the last term by its average over the reso- 
nances and obtain the following equation for the Uo, which will reproduce the 
elastic scattering: 


+ Xe, 


O = (14, (V — Uc)ty) — = Dd (updo, (V — Uo)¥-)? 138. 


where WY, are the various compound nuclear states and wu, is the single- 
particle wavefunction corresponding to the giant resonance. The quantity 
A is the energy region over which the average of Equation 137 was performed. 

This concludes our review of the justification of the optical potential for 
low-energy phenomena. One serious omission has been made in that the work 
of Brueckner e¢ al. (50, 51, 52) has not been discussed because this would 
necessitate a review of the Brueckner method which more properly 
should be reviewed in a separate article. In summary on the work reported 
here, it seems fair to say that one has reasonably good arguments for the 
existence of an optical potential, but that the general character of the 
potential such as its nonlocalizability as well as its radial, spin, and velocity 
dependence is not at all clear. These treatments, moreover, do not discuss 
the effect of exchange scattering, which certainly must be important at low 
energies. 


5. THE PHENOMENOLOGICAL OpTIcAL MODEL 


5.1. Forms for the optical potential.—In this section, the attempts at the 
determination of the optical potential from experimental data will be sum- 
marized. The procedure involves first the assumption of a form for the 
optical potential, which contains a number of parameters. Best values of 
these parameters are then determined by comparing the predictions of such 
a potential with experiment. The most general form which has been em- 
ployed for spherical nuclei is a combination of central and spin-orbit po- 
tentials: 
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V = — [Vepe(r) + iW epe'(r)] + (=) [ Ve. — dow 5 swt 2% | 6.1 130. 
pe r dr r dr 

where V, etc. are constants, p, etc. are functions of r, which are unity at the 
origin; o and Z are the Pauli spin and angular momentum operators for the 
incident particle. The constant (#/uc) is the r-meson Compton wavelength 
so that (#/uc)? is 2X10-* cm.? (Additional terms come in if the target 
nucleus is deformed. This will be considered later in a separate subsection. 
Outside of the latter section, we shall always have spherical nuclei in mind.) 
Expression 139 already assumes that the potential is local. From the analysis 
of the previous two sections we can see that this is not generally the case. 
For infinite nuclei (see Sect. 2) the nonlocality can be simulated by velocity- 
dependent potentials. A similar discussion can be carried through for finite 
nuclei. However, the results are considerably more complicated. The co- 
efficient of each power of the energy in the potential could very easily have 
a different space-dependence. In Equation 139, this would mean that not 
only the parameters in p, etc. change with energy, but also the form itself. 
This is, in fact, indicated by the calculations of McManus & Thaler (82) em- 
ploying high-energy multiple scattering approximation. They find the fol- 
lowing inequalities in the mean square radius at 310 Mev. 


R*(p.) > R*(ps0) > R%(ps0') > R%(pe") 
while at 156 Mev 
R*(p50) > R2(pc) > R*(Ps0’) > R%(pe’). 


In other words, one must use forms for p. which contain many energy- 
dependent parameters. One may expect that these effects are not serious, 
i.e., one needs only a few parameters as long as #/(change in wave number 
of the nucleon inside the nucleus) upon scattering is large compared to the 
range of the nonlocality. For this reason, the scattering in the forward 
direction at high energies can be represented by the potential of Equation 
139, 
Expression 139 also assumes that the spin J of the target nucleus is zero. 
If it is not, a whole host of additional interactions are possible. A few of 
these are: 
6-1 
L-I 
(6-1)(L-1) 
(6-p)(I-p) 
(é-r)(I-r). 


In the high-energy limit (Sect. 3) one can show that these terms are 1/A 
times the major terms in Equation 139 and hence for heavy nuclei are not im- 
portant. They should show themselves in the comparison of scattering from 
an even-even nucleus with the scattering from an odd nucleus and also in 
scattering of polarized beams from odd nuclei. A wide variety of forms have 
been used in Equation 139. These are listed in Table IA and Table IB below. 
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Only the specifically nuclear interactions have, of course, been listed, to 
which one must add the electromagnetic interactions. For the most part, 
only the static Coulomb interaction has been considered. It was shown by 
Woods & Saxon (29) and later by Glassgold & Kellogg (101) that the pre- 
dicted scattering of protons by nuclei was insensitive to various possible 
forms for the charge distribution. Glassgold and Kellogg varied the dif- 
fusivity (parameter a for the charge distribution), and the radius of the 
charge distribution was made 10 per cent smaller than the nuclear “‘radius”’ 
without finding any appreciable consequences over the range of proton 
energies 10 Mev to 100 Mev. Schwinger (131) calculated the effect of the 
interaction of the Coulomb field of the nucleus on the neutron polarization 
in small angles of scattering. Some improvements have been made by 
Sample (135) and by several Russian authors (132, 133), while Eriksson (134) 
has investigated the corresponding effect in proton scattering. 

The square well potential is principally of historical interest now. The 
parameter V.=42 Mev, R=1.45 A"? f. (fermi) and W./V.=0.03 gave a 
reasonably good fit to the total cross section and to the angular distribution 
(20, 21, 24, 90, 95). However, even in the first papers on neutron scattering 
it was recognized that the cross section for the formation of the compound 
nucleus, ¢~, was much too small. A number of papers on neutron scattering 
verified and reinforced this conclusion (20, 21, 22, 24). The cure was fairly 
obvious (20, 21, 112). The reflectivity of the square well was too large. The 
potential should not plunge to zero abruptly at r=R, but should become 
zero more gradually. Such wells have been referred to as rounded or tapered 
wells. The principal point here is that the reaction cross section is sensitive 
to the nature of the surface of the nucleus. 

The need for tapering the potential was first noticed (18, 25, 96) for 
proton scattering. As one might suspect for large Z, where the Coulomb re- 
pulsion is most effective, the details of the nuclear surface would play an 
important role. This is indeed the case, the square well giving much too much 
scattering for large scattering angles. 

The remaining potentials in Table IA are all tapered. Vws, introduced by 
Woods & Saxon (29), has been most frequently used. It is relatively constant 
for r<R—a and then drops rapidly to zero for larger r. At r=R, V = Vo/2, 
Vg and V; are quite similar to Vwsg except for a discontinuity in slope as the 
potential starts to fall off. They have been used because of the analytic 
simplicity of the corresponding Schroedinger equation for 1=0. Vg is even 
more discontinuous, but is quite easy to handle for all /. Ve, Vwa and Var 
were employed by Glassgold & Kellogg (101) in order to see how sensitive 
the consequent cross sections are to particular forms of the potential. Vws 
permitted a rise in the potential as the surface of the nucleus is approached. 

In all of these potentials, the imaginary part of the potential is simply 
proportional to the real part. It has, however, been suggested by Emmerich 
& Amster (113, 115, 116) and by Bjorkland, Fernbach & Sherman (114) that 
the absorption should be concentrated near the surface. This is suggested by 
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the argument that the interaction of an incident nucleon and a nucleon in 
the nucleus is most vigorous near the surface where the inhibiting effects of 
factors, which lead to saturation, such as the exclusion principle, are smallest. 
This contention cannot be completely correct since even infinite nuclear 
matter would be expected to be absorbing. However, it may very well be the 
case that the mean free path inside the nucleus is much larger than the mean 
free path in the surface region (136). On the other hand, McManus & Thaler 
(82), using the high-energy multiple scattering approximation, find that the 
mean square radius for p, is much larger than p,’, the difference decreasing 
as A increases. 

But none of these potentials can explain the polarization of nucleons upon 
scattering by nuclei. A spin-orbit force must be invoked when the target 
nucleus has zero total angular momentum. Most authors employ a Thomas 
spin-orbit force, for which spin-orbit term is proportional to 1/rdp,/dr. 
This form, first used by Fermi (137) and Malenka (138), is also suggested 
by the results of Riesenfeld & Watson (33) and Fernbach, Heckrotte & 
Lepore (69). In the latter’s analysis, it is a consequence of the assumption 
that infinite nuclear matter is isotropic. 

5.2. Numerical values of potential parameters——The qualitative de- 
pendence of these potentials on their parameters is listed below as far as it 
is known. These results have been obtained for the most part by direct 
numerical computation so that their region of validity may be limited. 

(a) The cross sections at low energy depend on the parameters V and R 
through the combination VoR? (20, 99 to 104, 106, 107, 116, 122). This re- 
mark applies to the angular distribution and to the total cross section ot, as 
functions of energy or mass number. This result is not surprising and may, 
in fact, be qualitatively explained using the WKB approximation. For 
greater energies the combination involved is VoR", where varies from two 
toward three, as the energy increases. The criterion of energy independence 
of the parameters can be used to determine Vo and R separately. However, 
the positions of the minima and maxima depend only on VoR". 

(b) As the imaginary part of the potential W, is increased, the oscillations 
in the angular distribution or in o; or in the cross section for the formation 
of the compound nucleus, o¢, as functions of E or A damp out, each peak 
broadening. The positions of the minima and maxima do not change 
(99, 100). 

(c) The angular distribution is sensitive to the surface parameter a. 
(99, 100, 102). The positions of the minima and maxima do not change. 
Increasing a lowers the cross section for elastic scattering, but raises the 
cross section og. Small a means a more rapid change in the potential near the 
surface which in turn leads to greater reflectivity and smaller absorption, 
since fewer nucleons can enter the target. 

(d) Potentials of similar shape, e.g. Vws, Vur, will give nearly identical 
results if the parameter a is adjusted in each case so as to give identical 
values to the thickness, ¢, of the surface region. The parameter ¢ is defined to 




















85 


be the distance over which the central potential drops from 9/10 of its value 
at the center to 1/10 of the same. For example, if Vur is to be equivalent 
to Vws, the parameter aur (a for the Hill-Ford potential) should be 
1.367 Xaws (a for the Saxon potential), while the values of R, V. and W, 
should be the same for both potentials. Table II gives a detailed compari- 
son (102). 





OPTICAL MODEL AND ITS JUSTIFICATION 


TABLE II 


COMPARISON OF HILL-FoRD AND Woop-SAXON 
Type PoTENTIALS (102) 











E (Mev)* Element Vur/Vws | War/Wws | Rur/Rws aur/aws 
14 | c 1.03 1.02 1.01 1.32 
17 | Au 0.99 1.05 1.00 1.28 
40 GS 0.96 0.99 1.01 1.48 
40 Pb 1.04 0.91 1.00 1.27 
95 Al 1.00 1.04 1.00 1.43 




















* Energy of incident proton. 


(e) Concentrating the imaginary part of the potential in the surface in- 
stead of spreading it through the volume reduces the average slope of o; and 
g. as a function of mass number A. Qualitatively, this follows from the fact 
that the surface area is proportional to A*/*, while the volume is proportional 
to A (116). 

(f) Including a spin-orbit term dampens the oscillations in the angular 
distribution of elastically scattered neutrons or protons (69, 77, 112, 120, 
121, 122). This comes from the splitting of resonance for a given /, for a 
purely central potential into two for 7=1+4, when spin-orbit potentials are 
present. This splitting also shows up in the total cross section whose oscil- 
lations as a function of E or A are correspondingly reduced. 

(g) At high energies, the Born approximation may be used to obtain the 
polarization in small angle scattering (66, 118, 141). The polarization de- 
pends only upon the magnitudes of the potentials and not on their radial 
shapes. Similarly, the forward scattering peak is insensitive to the form of 
the potential once the potentials have been adjusted to give the same scatter- 
ing at a particular angle (97, 142). In other words, model dependent features 
appear only at large angles of scattering. These remarks have been demon- 
strated for Thomas type spin-orbit potentials. 

(h) At high energies and when the spin-orbit potential is effective only 
in the surface region, as it is for the Thomas type potential, the polarization 
at larger angles is sensitive to the width of the surface region (124, 127). 

Let us consider next the evaluation of the phenomenological parameters, 
V., We, etc., from experiment. A few words of caution are in order. First, 
as has been mentioned earlier, the potentials listed in Table I are local poten- 
tials. From the discussion of Riesenfeld & Watson (33), it seems plausible 
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to expect this approximation to break down for large angles of scattering and 
at low energies. For these angles and energy, deviations of the scattering, as 
predicted by the potentials in Table I, from experiment should be expected. 
A rough guess indicates that inclusion of the nonlocality of the potential 
would reduce the amplitude of oscillation of the computed cross sections. 
Second, for odd A nuclei the potential of Equation 139 is not the most general. 
There are, in addition, the possibilities listed in Equation 140. Including 
these in the potential would also damp the oscillations in the theoretical 
cross sections. Third, the potentials in Table I predict only the shape elastic 
angular distribution to which one must add the compound elastic scattering 
in order to complete the theoretical computation of the angular distribution. 
This effect is not important at sufficiently high energies. At low energies, 
where it is significant, it is difficult to make a theoretical evaluation of Gee, 
since it depends sensitively on the energy level structure of the target 
nucleus which is not always known. A semiempirical procedure has been 
adopted by Beyster, Walt & Salmi (103) and others (90, 104, 116). One can 
obtain the total compound elastic cross section by equating it to the dif- 
ference between the computed cross section for the formation of the com- 
pound nucleus, o¢, and the measured total reaction cross section. This total 
compound elastic cross section must then be distributed over all the scatter- 
ing angles. Beyster, Walt, and Salmi distribute it isotropically; this method 
should be quite good if the target nucleus has a large spin (20), but should 
in any event give a rough estimate of the effect of the compound elastic 
scattering on the angular distribution. It might be added parenthetically 
that Beyster, Walt & Salmi and Emmerich & Sinclair (143) find that com- 
pound elastic scattering is of some importance at nuclear energies as high 
as 4 to 6 Mev. This is also indicated by Wall & Waldorf (144). 

There are also a number of experimental difficulties. Corrections to the 
data must be made for finite angular and energy resolution of the detection 
apparatus for multiple scattering and for the energy spread of the incident 
beam. Finite energy resolution can result in the inclusion of some inelastically 
scattered particles in the elastically scattered group. Finite angular resolu- 
tion will reduce the amplitude of oscillations in the angular distribution. 

5.3. The function T,,/D.—One of the more dramatic accomplishments of 
the optical model at low energies has been the prediction of the dependence 
of the average ratio of neutron width to level spacing, I',/D, on the mass 
number. The direct energy average of a sum of Breit-Wigner terms gives for 
1=0 and nearly zero energy neutrons incident on a nucleus the cross sections 
6, and og; as follows: 
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where the sum extends over to two possible values of J=I +43(J=spin of 
the target nucleus) and gy are the corresponding statistical weights 
4{1+1/(2I+1)]. Ry’ is the scattering length to a first order inT’,/D. 

Equations 141 are to be compared with the calculations of the optical 
model. The potentials listed in Table I do not depend upon J, which is to 
be expected only if J=0. For other target spins these potentials implicitly 
assume that I’,,/D and R’ are independent of J (and J). A term in the poten- 
tial proportional to J-¢ (see Equation 140) would, for example, differentiate 
between the two values of J. The validity of this assumption is by no means 
obvious, and it should be studied experimentally. For the present, it is as- 
sumed to be true so that Equation 141 becomes 


oO, = 4rR"? + 20h? (=) 142a. 


oo = 2n*h? (=) (: - ~ (=)) : 142b. 


The cross sections a, and ¢ can be evaluated directly from the optical model 
by solving the corresponding Schroedinger equation. Then T',/D can be 
evaluated from Equation 142b and R’ from Equation 142a. Putting 

| Ho| = exp [—Im 60] 143. 


where do is the phase shift, it is found to second order from Equation 142b 
that 


tT. 2 4 Tn\? 
G)- maton +3G 
P * " 144, 
=~ — Im 6o(1 — Im 6) 
rT 
so that 
2 2 2 
Om™ [ 4R" — KX? (- Im i») | + 2n°K?2 (- Im i») 145. 
T T 


which is the form proposed by Lane & Lynn (145). At very low energies the 
last term is proportional to A, while the other terms are independent of A. 
Feshbach et al. (20), in their final evaluation of o, for the square well, did not 
include the second term in Equation 145. As a final remark, we note an evalu- 
ation of Im 49 obtained by Porter (146) from the continuity equation: 





1 2mk 
Im y= = sin (69 — 86") = af mv | ulpar 146. 


where u=nf for /=0 and u approaches (1/k) sin (kr+6o) for large values 
of r. 





It is convenient to extract the 1/k energy-dependence of I/D by intro- 
ducing the quantity 
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P,/D = /£>/E(T;/D) 147. 





where Epo is a fixed energy, say 1 e.v., and E is the energy at which T,/D is 
measured. The quantities T,/D and R’/R have a dependence on mass 
number which is reminiscent of the optical absorption and dispersion curves. 
This is illustrated (105) in Figures 1 and 2, in which T,/D and R’/R have 
been plotted for the case of a Saxon well with the parameters: 


V. = 52 Mev, W./V. = 0.06, R= [1.15A/* + 0.4]f.(fermis), a = 0.57f. 148. 
The position of the peaks depends for a fixed value of a on the quantity 


V.R? and is roughly independent of W./V-. The effect of increasing W./V, 
is to broaden and lower the peaks in Figure 1 and the corresponding structure 
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Fic. 1. Ratio I',/D of neutron width to level spacing. Here 'n/D = (Eo/E)"? 
([',/D). The solid curve is taken from Feshbach et al. (105), who employ a poten- 
tial well Vws with parameters given in the figure. 
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Fic. 2. Ratio of potential scattering length R’ to nuclear radius R. The solid 


curve is taken from Feshbach et al. (105), who employ potential well Vws with the 
parameters given in the figure. 





in Figure 2. Increasing a, or equivalently the skin depth, raises the curves. 
In particular, the valleys between the peaks in Figure 1 do not fall to such 
small values as a is increased, as is apparent in comparing Figure 1 with the 
corresponding figure for the square well in (20). It is also clear that in going 
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from the square well to a tapered well such as the Saxon well it will be neces- 
sary to increase the ratio W./V, in order that the height of the peaks may 
be of the right order of magnitude. 

In Figures 1 and 2, we compare the calculated I/D and R’/R em- 
ploying the parameters in Equation 148 with the experimental values. 
(References to experimental work will generally not be given. The appropri- 
ate references will be found in the papers under review.) It is apparent that 
a qualitative description of these data is provided by the optical potential 
but that a quantitative description is still to be achieved. On the positive side, 
note that the general description of the T',/D curve, a giant resonance 
around A =55 and another broader and lower one at A = 155 are given cor- 
rectly. Moreover, the experimental points around A =55, as well as those 
points near A =155, which belong to nuclei near a closed shell (147), fall 
fairly close to the predicted values, although it should be mentioned that 
the experimental errors for all these points are large. The major discrepancies 
are twofold. First, the valley between the two giant resonances is much 
deeper than theory predicts. Second, the peak at A =155 is much broader, 
lower and generally more irregular than the calculated curve. 

Bohr & Mottelson (148) suggested that the asphericity of the target nu- 
clei in the region around A~155 might be responsible for the second dif- 
ficulty. This has since been verified by Margolis & Troubetzkoy (147) by 
Drozdov (149) and by Inopin (150) and Vladimirsky & Ilyina (139), who 
replaced the spherical square well by a spheroidal square well. More re- 
cently, Chase, Wilets & Edmonds (151) employed a spheroidal trapezoidal 
well. The general effect of the asphericity is to break the giant resonance up 
into a number of resonances, the number increasing with increasing deforma- 
tion. It is clear that this, together with the variations in deformation from 
nucleus to nucleus, will account for the qualitative features of T,“/D near 
A =155. 

No simple explanation for the deep minimum in I’,/D between A =55 
and 155 is as yet available. Note that no such deep minimum exists beyond 
the A =155 resonance. McVoy (152) has pointed out that this occurs in part 
because these nuclei are still quite aspherical. It might, therefore, be per- 
missible to reduce the value of a considerably, improving the fit in the deep 
minimum without affecting the fit beyond the A = 155 resonance. However, 
as will be seen, the value of a in Equation 148 is quite close to the values 
obtained from proton-nucleus scattering. The R’/R prediction agrees quite 
well with experiment except for the heavier nuclei with A >200. Closer 
agreement might be obtained here if the effect of the deformation of these 
nuclei were evaluated. 

Giant resonance phenomena should also make their appearance when the 
incident particle is a proton. This has been, in fact, observed by Schiffer 
et al. (153, 154) in (p, m) reactions. The values of A at which the maxima 
occur have been calculated by Margolis & Weisskopf (155), who obtain ex- 
cellent agreement with experiment once the difference between the neutron- 
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nucleus and proton-nucleus interaction arising from the Coulomb forces and 
the difference in neutron and proton Fermi energies are included. It would 
be interesting to see whether similar effects exist for other charged incident 
particles. 

5.4. Optical potential parameters from neutron scattering—Let us turn 
next to neutron scattering experiments for energies less than 14 Mev. 
Feshbach, Porter & Weisskopf (105), employing the Saxon well, have fitted 
the total cross section and angular distribution data, as well as the zero 
energy data discussed above, with the Saxon well employing the parameters 
of Equation 148. They considered data for which the neutron energy was less 
than 4 Mev. It was, of course, not possible to obtain a detailed fit. A com- 
promise fit was obtained in which the principal emphasis was put on medium 
and heavy elements. The fit for light elements was not as good. However, 
keeping in mind the possible fluctuations of the nuclear parameters away 
from the best values (Equation 148), a reasonably good fit is obtained except 
for the behavior of the angular distribution in the D-wave resonance region. 
This, however, occurs for nuclei which are strongly deformed. Taking the 
deformation into account may be enough to remove the discrepancy. Finally 
it should be remembered that compound elastic scattering is at a maximum 
in this energy region. 

Schrandt, Beyster, Walt & Salmi (103, 104) have looked at the data up 
to 14 Mev and have fitted it for each element (26 in all) and at each energy 
with a Saxon well. They find the following average values: 


nuclear radius = (1.17 A” + 0.79) f. all elements 
= (1.21 A? + 0.56) f. elements heavier than Zr 
a = 0.36 f. light elements 
= 0.50 f. heavy elements 
V. = 47 Mev low energy 
= 44 Mev 14 Mev 


These authors find that the ratio W./V, for E>4 Mev is not a constant over 
the periodic system, but that it decreases linearly with nuclear radius. For 
example, at 14 Mev and Fe this ratio is 0.20, while for Bi it is (0.075). This 
result suggests that the absorption should be limited to the surface region. 
That is, if it were so limited, the strength of the complex potential would be 
more independent of nuclear radius. The ratio W,/ V; is also energy-depend- 
ent increasing by a factor of from two to three in going from 0 and 14 Mev. 
The principal failure of the above fit is in the angular distribution at the 
back angles. The calculations fitted the experimental first and second 
maxima and minima in the forward direction. But the calculated curves have 
much too much structure in the back angles. 

Let us turn next to potentials which put the absorption on the surface. 
Such potentials have been employed by Bjorklund, Fernbach & Sherman 
(114) and Emmerich & Amster (115, 116), who used Vag and Vps (see Table 
IA), respectively. Emmerich and Amster obtain the results shown in Table 
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III. The other authors find V,=40.3 Mev, a=0.6 f., R=1.2A!/?+0.64 f., 
W.=8 Mev, 6=0.98 f. Both sets of authors obtain poor agreement at back 
angles. 


TABLE III 
PARAMETERS FOR DERIVATIVE SURFACE ABSORPTION (116) 


V. =43 Mev independent of A 
R=R+1.36a =(1.254"3+0.5) f. 
a=0.84 f.; A <150 

a=0.90 f.; A>150 








Values of W./V. 





Energy 





14 Mev 





0.84 f. : ‘ 0.45 
0.90 f. ‘ ‘ 0.40 














None of these potentials so far involve spin-orbit forces. To some extent, 
this might be considered permissible since the spin-orbit potentials are not 
large as will be seen. However, neutron polarization in scattering by nuclei 


can only be explained by spin-orbit potentials. Use of the latter is also sug- 
gested by the failure of the simpler potentials to predict back-angle scatter- 
ing. With spin-orbit forces, the diffraction oscillations in the angular distri- 
bution have smaller amplitudes. 

The simplest type of spin-orbit force Vg was used by Thomas, who 
added on to the square well central force of (156) a surface spin-orbit force 
proportional to 6(r—R). These calculations of Thomas are reported by 
Zucker (120) and by Clement e¢ al. (121). Polarization is found at the ap- 
propriate energy and mass number. In this case, the giant P-wave resonance 
is involved. Qualitative agreement is obtained with a W./V.=0.03 and 
Vso=5 Mev. Tapered wells have been considered by Gulia (129) and by 
Culler, Fernbach & Sherman (112). 

The most elaborate and most successful calculation so far has been that 
of Bjorklund & Fernbach (122), who employ Vgr®® which contains both 
surface absorption and the (L.H.) Thomas type of spin-orbit term. Their 
surface parameters are obtained from the data at 14 Mev; the remaining 
parameters vary with energy. Their results are given in Table IV. These 
potentials give a good fit to nearly all the data for 4.1, 7, and 14 Mev neu- 
trons. Note the energy variation of the parameters, both V, and Vg de- 
creasing with increasing energy, W, increasing. It is also noteworthy that 
Bjorklund and Fernbach’s result at 4.1 Mev seems to be in rough agreement 
with that of (105) quoted in Equation 148. The polarizations predicted by 
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TABLE IV 
PARAMETERS FOR BJORKLUND-FERNBACH POTENTIAL (122) 


R=1.25A" f. 
b=0.98 f. 
a=0.65 f. 








E (Mev) 


V. (Mev) 


W. (Mev) 


Vso (Mev) 








50 
45.5 
44 





9.5 
11 








these potentials are large. A severe test of their validity will be possible when 
more polarization data in this energy range becomes available. 

5.5. Optical potential parameters from proton scattering.—Let us turn now 
to the optical model analysis as it has been applied to elastic proton scatter- 
ing at proton energies of approximately 10, 17, 30, 40, and 90 Mev. Exact 
phase shift calculations employing the Saxon well or the essentially equiv- 
alent Hill and Ford potential (no spin-orbit term) have been performed by 
Saxon and co-workers in a series of papers and by Glassgold and co-workers. 
Their summaries of the average values of the parameters are given in the 
Tables V and VI. For the parameters for specific elements and energies, the 
reader is referred to the original papers. The average deviation is given when 


TABLE V 
PARAMETERS FOR SAXON POTENTIAL ACCORDING TO SAXON ef al. (99) 
R=1.33A"3 f, 








V. (Mev) W, (Mev) a (fermi) 





17 47 8.5 0.49 
31.5 | 35.5 15.5 0.53 


E (Mev) | 
| 
| 











TABLE VI 
PARAMETERS FOR SAXON POTENTIAL ACCORDING TO GLASSGOLD ef al. (102, 106) 
R=1.3A"' f, 








E (Mev) V. (Mev) W, (Mev) a (fermi) 





10 53 7 
17 50 8 
40 36 
95 26 
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this is large. The fits to the angular distribution were made without adding 
the correction coming from compound elastic scattering. Presumably, it is 
small at energies greater than 10 Mev. At lower energies, 5.25 and 7.5 Mev, 
important effects of compound elastic scattering seem to be noticeable at 
back angles according to Wall & Waldorf (144). In general, although not for 
all elements, the theoretical curves for the angular distribution oscillate too 
rapidly in the back direction. This effect is most serious for the lighter ele- 
ments. However, this discrepancy may be removed once spin-orbit forces 
are added to the optical potential. At 10 Mev, compound elastic effects may 
be important. Some tests were made by Glassgold & Kellogg (101) on the 
form of the potential by employing the wine bottle potential, !ws. They 
found that the best agreement for the scattering of 14 Mev protons from 
carbon is obtained if no significant central elevation or depression in the 
potential is allowed. The differences between Table V and Table VI indicate 
the latitude in choosing best parameters. It is very significant that here, as 
in the neutron case, the value of V, is roughly independent of A. 

5.6. Optical potential parameters from high-energy experiments.—Finally, 
let us turn to the high-energy data, i.e., to data for which the incident 
neutron or proton has an energy greater than about 100 Mev. In this energy 
range, it may be expected that the Watson-Riesenfeld (33) multiple scatter- 
ing analysis will hold for sufficiently small angles of scattering. Here, as 
Bethe (66) points out, the multiple scattering theory gives the matrix ele- 
ments of the effective potential in momentum space, so that for the under- 
standing of high-energy nucleon-nucleus elastic scattering it is not necessary 
to construct the potential in ordinary space. For the purpose of this review, 
it is, however, important to discuss the implication of the Watson-Riesenfeld 
analysis for the optical potential. These results have already been stated 
in Equation 79. But now let us remark with McManus & Thaler (82) that, 
if the use of these formulae is limited to small-angle scattering, g-~q’, then, 
according to Equation 74, the potential integrated over the volume is de- 
termined if only g=q’ terms are kept; if terms up to second order in g—q’ 
are retained, then R? is determined. Higher moments are determined if 
higher powers of g—q’ enter. But this implies both validity of the multiple 
scattering analysis for larger angles of scattering as well as accurate measure- 
ments at these angles. Neither of these requirements is generally met. From 
the point of view of the optical model, it seems appropriate in this energy 
range to consider only the integrated potential and the mean of the square 
of the radius. More specifically, if V is given by Equation 139, one is inter- 
ested in the parameters 


1(V©) = f [Vepe + iWepe’ |dr etc. 


1(V)RUV) = f rlvec + iW pe’ |dr etc. 
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These parameters can be related to the parameters describing the phenom- 
enological optical potentials. For example, using a Saxon well Vws for V® 
it is found 


ive) = RIV, + iW] [1 + (=) ] 150. 


and 


moma se [1+ (3) +FG))/0+@): 


If the spin-orbit term is in the Thomas form 


hk\? id 
— Veo (—) “— ae 
pe r dr 


h\? id h\? 
—4tVi0 (—) f — dr = 1(V“)) —~ 4r (—) RV so 
r da pe 


uc r 


. 2 
RV) —~ R? [1 aa (=) ] 


The square well limit is obtained by placing a equal to zero. 

Let us turn now to the optical model analyses which have been made. 
For additional remarks, see the review paper on polarization by Wolfenstein 
(157) and the papers by Bethe (66) and Peaslee (158). The data usually con- 
sidered are the total cross section, the angular distribution reaction cross 
section and polarization data, if available. Experiments with protons as the 
incident particles are more revealing because of interference with the Cou- 
lomb field. For example, Wilson (127) and Fernbach, Heckrotte & Lepore 
(69) show that the polarization produced by nuclear scattering is opposite 
to that produced by the Coulomb field interaction with magnetic moment of 
the nucleon. Except for one case (125), all of the realistic optical model 
calculations employ some generalization of the WKB method. These ap- 
proximations should be valid for small angles of scattering. 

The first analysis of high-energy neutron data, 50-300 Mev, was per- 
formed by Taylor (84), who employed a square well. Since he had only total 
cross sections available, he assumed that the potentials were the same for 
all nuclei, permitting a determination of both the nuclear radius and the 
potential. Mandl & Skyrme (85) performed an analysis of the data up to 
160 Mev, employing a variational technique. Wilson (93) combined total 
cross sections and angular distribution data, using a trapezoidal well except 
for carbon, where he employed a Saxon well. These calculations have been 
recently redone by Riese (97) using a more accurate version of the WKB 
method and the potential Vpr (see Table TA). His results are given in Table 
VII. Riese uses a surface thickness which corresponds to a Saxon parameter 
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a of 0.68. His average results are given in Table VII. The parameter Ry is 
the value of the radius at which the potential falls to half of its value at 
the origin. (R) equals 5/3 R*®. This parameter and the volume integral of the 
potential are the only significant parameters which can be determined from 
experiment (97). The error in these determinations because of experimental 
error is of the order of 10 per cent at 136 Mev and of 20 per cent at 84 and 
290 Mev. 

Table VII agrees quite well with those of Wilson, if one takes into account 
his value of a=0.39 f. There is a reasonably good join with Glassgold and 
Kellogg’s proton scattering values. The value of the nuclear radius is reason- 
ably independent of the energy. For the light elements, R=1.2 A™* f. while 
for the heavy ones R=1.3 A” f. 

An analysis of the proton data including polarization for C and Al has 
been made at 130 and 310 Mev by Sternheimer (124) using the Saxon well 
plus the WKB method. Bjorklund, Blandford & Fernbach (125) working at 
310 Mev with a variety of target elements varying in mass number from C 
to Pb, and using a Saxon well, have made an exact phase shift analysis. 
[See also Fernbach, Heckrotte & Lepore (69).] Bethe (66) considers the 310 
Mev protons on Co, using a small angle approximation as well as the ap- 
proximation that the spin-orbit potential can be treated as a perturbation. 
Bethe uses both the square and Gaussian well shapes. The results are given 
in Table VIII. Nedzel (88), considering 410 Mev protons, finds that roughly 


Let us compare these results with those obtained by the multiple scatter- 
ing results of Riesenfeld & Watson (33). The approximations made are de- 
scribed in Section 2. These calculations have been recently carried out by 
Bethe (66), Kerman, McManus & Thaler (64) and Ohnuma (159). The 
nucleon-nucleon data employed include the Gammel-Thaler phase shifts, 
which provide a description of nucleon-nucleon scattering at 300 Mev and 
below. Ohnuma (159) also calculates the optical potential using the Sig- 


TABLE VIII 
PARAMETERS FOR OPTICAL POTENTIAL FOR PROTON SCATTERING 








Energy EI Poten- Ve W. Veo Woo 
(Mev) | ™ement | tial -) | (Mev)] (Mev) (Mev)} (Mev) 





130 c Vws? ; ; 15 18 
130 Al Vws® a - 15 18 
310 Al Vws 2 : 16.5 | 16.5 
310 | Cto Pb | Vws® ; : 0 16 
310 © Vws ‘ §.7 | 22 
310 Cc Vws® . 0 18 
160 | NatoBi| Vws : ; 16 15 
































* R=7,A™8 3 
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nell-Marshak phase shifts which are possible phase shifts below 150 Mev. 
All these calculations assume Z=A/2 which leads to an additional error 
of order (1/A). (It is, however, a simple matter to take the actual number 
of neutron and protons into account. This is under calculation by Kerman, 
McManus, and Thaler.) In Table IX, we list the results of Kerman et al., 
using the Gammel-Thaler phase shifts. Between 100 and 150 Mev, the 
Signell-Marshak phase shifts give about the same results except for Ve, 
which is smaller (20 per cent at 100 Mev) than the values listed in Table IX. 

The empirical values obtained from the data in Tables VI and VII are 
given in Table X. 

Before comparing Tables IX and X, the uncertainties in each should 
be mentioned. In Table IX, beside the (1/A) approximation mentioned 
earlier, there is also the error arising from the neglect of the Pauli exclusion 
principle which would act to reduce the imaginary part of J(V). The 


TABLE IX 


INTEGRATED OPTICAL POTENTIAL IN MULTIPLE 
SCATTERING APPROXIMATION (64) 








Energy (Mev) I(V) (Mev-f.’) Vaott Woo (Mev) 





90 291 +2131 4.55 —1.451 
156 220+175% 3.62 —0.837 
310 83 +2022 2.25—0.412 





‘frivolous’ models indicate that this could be as large as 10 per cent at 300 
Mev and 25 per cent at 100 Mev. Glauber (160) has, however, pointed to a 
compensating effect which tends to reduce these errors. The real part also 
has other uncertainties in that the expansion of ReFo about |p—p’| in 
Equation 70 has a larger error (i.e., the term in (p— p’)? has a large coefficient) 
than the error in the expansion of the other terms in Equation 70. To this 
must be added the uncertainties arising from the impulse and multiple 
scattering approximations. 

On the other hand, the extraction of optical potentials from the data also 
involves uncertainties coming from the experimental uncertainties. There 
is, in other words, considerable flexibility in fitting the data, as may be 
seen directly from the table, in that different authors fit the same data with 
considerably different potential parameters. Actually, it would be more 
appropriate to take the optical potentials of Table IX and compute the 
experimental results directly. This has been done by McManus & Thaler 
(82) for o- (0°), P(polarization)/@ at small angles, o:, and oj, for the three 
energies of Table IX with carbon as the target nucleus. The fit is excellent. 
Ohnuma (159) has also looked at the polarization and found that with the 
Gammel-Thaler phase shifts excellent agreement is obtained out to 10° at 
300 Mev, at 95 Mev and fair agreement at 135 and 155 Mev. 
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TABLE X 


EMPIRICAL VALUES OF THE INTEGRATED OPTICAL POTENTIALS 








Energy (Mev) Element I(V™) (Mev-f.*) Vo +72Wo) (Mev) 


84 Al 295 +1282 
Cu 308 + 120% 








95 Cc 356 +1377 
Cu 280 +1071 
Ag 262+1017 





Cc 15241841 
Al 137 +165 








Li 240-+1147 
Be 220 +1187 
c 220 +1197 
N 229+ 971 
O 231+ 901 
Cu 162+1102 
Cd 159+ 931% 
137 +1022 








Pb 118+1117 





Cc 14441567 
Al 153+1257 
Cu 103 +1397 
Pb 106+ 87.5% 





C 42 +1632 1.76— .55% 
Cc 203% 1.08—1.34 
Al 170% 1.08 —1.3% 
Pb 1417 1.08—1.3% 
Al 103 +- 1032 1.93 

Cc 2081 2.50 














With these comments in mind, let us compare Table IX and Table X. 
It can be seen that there is agreement as to order of magnitude and in the 
qualitative behavior with energy. The errors in both tables are so large that 
quantitative agreement is as good as could be expected. The empirical 
imaginary central potential is, however, consistently lower than the theoreti- 
cal value. 

5.7 Summary.—This section is concluded with a summary of the quali- 
tative results indicated by the empirical determinations of the optical po- 
tential. 
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(a) Within the errors implicit in the concept of the optical potential, 
it is possible to describe the interaction of a nucleon with a nucleus in terms 
of a potential which is insensitive to the mass number. In other words, the 
concept of an index of refraction for nuclear matter seems to be approxi- 
mately valid. 

(b) The “nuclear radius’’ (the parameter R in the Saxon well) is about 
1.2A/3 f, for small A and about 1.3A* f. for large A. 

(c) The real part of the central potential decreases as the energy of the 
incident nucleon increases. It is about 52 Mev at zero and about 10 Mev or 
possibly less at 300 Mev. 

(d) The imaginary part of the central potential increases as the nucleon 
energy increases, being about 3 Mev at zero energy and between 10 and 
20 Mev at 300 Mev. 

(e) The spin-orbit term is confined to the surface of the nucleus. 

(f) The magnitude of the spin-orbit term decreases as the energy in- 
creases. At 4 Mev (see Table IV) it is 9.5 Mev while at 300 Mev it is of the 
order of 2 Mev. 

(g) At low energies, a difference between the potential seen by an inci- 
dent neutron and an incident proton has been detected by the difference in 
the position of the giant resonances for protons and neutrons. The proton 
potential is, according to Margolis & Weisskopf (155), nine-tenths of the 
neutron potential. The empirical fits at high energies are not sufficiently ac- 
curate to demonstrate any difference. 

The author is very much indebted to Thaler, McManus, and Kerman for 
making their results available before publication and for many enlightening 
discussions on the high-energy data and theory. He is also indebted to G. E. 
Brown for some critical comments. 
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HYPERFRAGMENTS! 
By W. F. Fry 


Department of Physics, University of Wisconsin, Madison, Wisconsin 
INTRODUCTION 


The first example of the disintegration of a nuclear fragment containing a 
bound hyperon, a so-called hyperfragment, was found by Danysz & Pniewski 
(26) in a plate exposed to cosmic rays. The event, shown in Figure 1, consisted 
of a nuclear disintegration of 18 shower particles, 21 gray and black prongs, 
and the track of a nuclear fragment which caused a secondary star. From 
the thin-down of the nuclear fragment track, it was deduced that the frag- 
ment had stopped before producing the secondary star. The kinetic energy 
of charged particles from the secondary disintegration was found to be 99 
Mev. This high-energy release along with the estimate of the moderation 
time led the authors to postulate that the fragment probably contained a 
bound A hyperon. Shortly after this discovery, many additional examples 
of hyperfragments were found (1 to 6, 8 to 13, 15, 16, 18, 20, 25, 26, 31, 33, 
33a, 35 to 48, 51 to 58, 60, 61a, 62, 63, 65, 66a to 71, 73 to 81, 83). The most 
conclusive events were the mesonic decays, namely those where a 7 meson 
was emitted. In these cases, the total energy release could be measured with 
considerable precision and was found to be close to the Q-value of the free 
A hyperon decay. Furthermore, the nuclear charge and mass of the fragment 
could be determined in favorable cases. A typical example is shown in Figures 
2 and 3. 


IDENTIFICATION OF HYPERFRAGMENTS 


Most of the information on hyperfragments has come from studies in 
nuclear emulsions. Several of the properties of photographic plates are well 
suited to this study. The two most important are that they permit accurate 
determinations of energy and charge on particles of low velocity. The rela- 
tively high stopping power of emulsion makes it possible to study hyper- 
fragment decays at rest, which is essential for accurate measurements of the 
binding energy of the hyperon; however, this very characteristic also makes 
it difficult to determine the lifetime of hyperfragments, a very interesting 
parameter. Photographic emulsions contain both light and heavy elements 
in proportions which are essentially fixed. Hyperfragments of a wide variety 
of elements are formed from the break-up of the heavy elements. On the 
other hand, studies of particular reactions involving light hyperfragments 
will in the near future be more conveniently studied in bubble chambers. A 
program to study hyperfragments, produced in a helium bubble chamber by 


! The survey of the literature pertaining to this review was concluded in April, 
1958. 
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Fic. 1. A photograph of the first hyperfragment found by Danysz & Pniewski 
(26). The fragment f was produced in star A and decayed nonmesonically at point B 
into three particles, tracks 1, 2, and 3. 


the Duke University, Johns Hopkins University, and Los Alamos Scientific 
Laboratory groups, is in progress. 

A study of the production of hyperfragments can be separated into two 
basic processes that involve difficulties of recognition and identification 
which are somewhat different. These are the production by high-energy 
particles and by the nuclear capture of K~ mesons and =~ hyperons. The 
production by high-energy particles is characterized by a somewhat higher 
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Fic. 2. A tracing of an event which is interpreted as the mesonic decay of ,Be® into 
two a-particles, a proton and a ~ meson (39). 


kinetic energy of the fragment and, therefore, more information can be 
derived from the fragment track. This is especially important in the study 
of moderately heavy elements 3<Z<8, where, at best, the range of the 
fragments is very short. However, the number of events of various types 
which can be mistaken as hyperfragments is much higher in the case of 
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Fic. 3. An energy-level diagram for calculating the binding energy of the A hyperon 
in ,Be® (see Fig. 2). Energies are given in Mev. 
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production by energetic particles as compared to the production by 
K~- mesons and =~ hyperons. 

The usual method of scanning for hyperfragments, produced by high- 
energy particles, is to search for the interaction of the high-energy primary 
particle and then follow out the secondaries to see if there is a secondary 
star. In following this procedure, there will be many events which will have 
the appearance of a hyperfragment decay. In this category are: (a) The 
production of a very slow negative pion which then produces a secondary 
star upon absorption in the emulsion; (b) The production of a very slow 
K~- meson or =~ hyperon; (c) Collisions in flight of stable nuclear fragments 
which lead to break-up of only the fragments; (d) Collisions in flight of stable 
fragments with subsequent break-up of target nucleus as well as the frag- 
ment. The inclusion of negative pions of very low energy is probably the 
largest contaminant. 

The recognition of hyperfragments of charge one and of charge greater 
than one will be considered separately. For those of charge one, it is neces- 
sary to determine the mass by scattering; this demands a minimum track 
length of about 1 mm. For hyperfragments of charge two or greater, profile 
measurements permit discrimination against particles of type (a) and (0) for 
lengths greater than about 20 uw in G-5 emulsions. Further, for lengths 
greater than about 50 yu it is possible to detect the existence of a thin- 
down and, therefore, to verify that the fragment stopped. Sometimes it is 
possible to show that the fragment stopped by a large amount of scattering 
very near the end of the track, even though it is shorter than 50 uw. Further, 
it is possible, in some cases, to use the visible energy and charge balance 
to discriminate against contaminants for processes (c) and (d). Unfor- 
tunately, profile measurements have not been used for all hyperfragment 
studies. 

The largest percentage of contaminants arises from double starts with 
connecting tracks shorter than about 20 yw, which are principally caused 
by very slow negative pions. Recently, a very fine-grade emulsion has been 
developed by Ilford which permits better discrimination of ionization by 
width measurements near the end of tracks. To the author’s knowledge there 
are no published results on this emulsion, but a preliminary study by the Uni- 
versity of Wisconsin group of double stars in plates exposed to 4 Bev pions 
has been made. Among double stars with connecting tracks longer than 2 yu 
and shorter than 20 uw, ~80 per cent were the result of charge greater than 
one. 


PRODUCTION 


A systematic study of the general aspects of production of hyperfrag- 
ments by high-energy particles has been made by the University of Wiscon- 
sin group (39, 67), by Castagnoli et al. (15), and by Blau (10). A study of 
the production by cosmic rays, 3 Bev protons, 6 Bev protons, and 3 Bev 
pions has been made. The production frequency is tabulated in Table I. The 








HYPERFRAGMENTS 
TABLE I 


FREQUENCY OF PRODUCTION OF HYPERFRAGMENTS 



































Hyperfragments Hyperfragments R215y 
Nature of : Ref 
Experiment Total Stars Total Stars 

3 Bev x mesons | 72/80,000=9X10- 19/80 ,000 =2.4X10-4 39, 67 
3 Bev protons 19/20 ,000 =9.5 X10-* 3/20,000 =1.5 10-4 39, 67 

14/14,480=9.7X10~ 11/14,480=7.6x10- 10 
6 Bev protons 7/10,000 =7 X10-* 3/10,000 =3 X10-4 39, 67 
Cosmic rays 61/119,000=5.1X10-~ | 19/119,000=1.6x10-* | 39,67 

6/ 24,000=2.5 10-4 15 
K~ stars | 46/1,001=4.6X107 9/1,001=9X10-* 39, 67 











angle between the hyperfragment and the charged incoming particle is 
shown in Figure 4. A range distribution of the connecting track of the events 
which were classified as hyperfragments is shown in Figure 5. About 74 per 
cent of all the double stars have connecting tracks less than 15 yw (67). 
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Fic. 4. The angular distribution of the direction of motion of hyperfragments 
with respect to the direction of the incoming high-energy primary particle (39). 
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Fic. 5. The distribution in range of hyperfragments. The shaded portion is for hyper- 
fragments produced by K~ absorption at rest (67). 
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Fic. 6. The charge distribution of hyperfragments. The shaded area 
represents hyperfragments from K~ stars (67). 
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An estimate of the charge distribution of the hyperfragments produced 
by high energy particles is shown in Figures 6 and 7. In most cases, the 
charge of the fragment cannot be determined directly but is taken to be 
equal to the total visible charge from the secondary star. In many cases, this 
is only the lower limit, as the charge of short tracks from the fragment dis- 
integration could not be determined and was assumed to be one. There is a 
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Fic. 7. The charge distribution of hyperfragments whose range is greater than 15 yp. 
The shaded area represents hyperfragments from K~ stars (67). 


bias against high Z, because many fragment tracks may have been too short 
to be recognized. There is also a bias against finding all the hydrogen and 
helium hyperfragments caused by the escape of the fragment from the plate 
containing the parent star. Only when the two connecting tracks were in 
the same plate would the hyperfragment disintegration be recognized as 
such. However, the range distribution as shown in Figure 5 would suggest 
that this bias is probably not too important. It can be seen that the A hyperon 
is captured preferentially in moderately heavy fragments even though the 
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frequency of production of stable light fragments is considerably greater 
than that of heavy fragments. The energy distribution of A hyperons pro- 
duced by pions of 1.9 Bev has been studied by Slaughter et al. (72). These 
authors find that ~20 per cent of the A hyperons which were produced in 
Fe have an energy below 50 Mev. Using a cross section of 1 mb/nucleon in 
hydrogen for the production of A hyperons by pions of 1.9 Bev, one finds 
that ~2 per cent of the total inelastic pion interactions lead to a A hyperon 
formation and ~0.4 per cent to A hyperons of energy below about 50 Mev. 
The fraction of pion interactions which produce slow A hyperons 
(E<50 Mev) is comparable with the fraction leading to hyperfragment 
production, suggesting that the A hyperon trapping probability is not very 
small. The percentage of A hyperons, from K~ absorptions in emulsion, 
which become trapped in hyperfragments of range greater than about 2 u 
is 6.6 per cent (40). It is possible that comparable numbers of A hyperons 
from K~ absorptions in emulsion also become trapped in shorter fragments 
or in the residual nucleus and are not observed. 


Decay MopEs 


It is found that hyperfragments can decay with the emission of a pion 
and nucleons, the so-called mesonic decay, or with the emission of only 
nucleons, the nonmesonic mode. The mesonic decay mode can be thought 
of as the normal decay of the A inside the nucleus without subsequent ab- 
sorption of the pion (p=proton, m=neutron). 

A> Pp +a7~t+ Qy ‘. 
or 
A>nt+r+Q 2. 
where Q,=37.45+0.17 Mev (7) and Q.=40.7 Mev. Alternatively, hyper- 
fragments can decay without the emission of a pion, which probably cor- 
responds to the interaction with a single nucleon according to the following 
reactions: 
Atproptnt+Q: 3. 
Atnr>n+n+Q 4, 
Reaction 3 will be called a proton stimulated decay and reaction 4 a neutron 
stimulated decay. The ratio R of nonmesonic to mesonic decays was shown 
to increase rapidly with Z, as was predicted by Cheston & Primakoff (17). 
In reality, a direct measurement of R is not possible because of the inability 
to detect the neutral pion mode of decay. Experimentally, one determines 


R©® = Nonmesonic decays/x~ mesonic decays. 


It is to be expected that the ratio of charged pion mode to the neutral pion 
mode of hyperfragments differs by a small amount from that for the free A 
decays, because of the effect of the Pauli principle on the nucleons from the 
decay in the fragment. The ratio for the free A decay is two. Furthermore, 
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very few decays of the neutral pion mode will be included as nonmesonic 
decays, since the visible energy in the secondary star is expected to be small 
and in most cases the event would not have been recognized as a hyper- 
fragment decay. (A few cases have been reported which can be interpreted 
as neutral pion decays.) One conclusive event has been reported by Levi- 
Setti & Slater (56) in which an electron pair was observed (see Fig. 8). Under 
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Fic. 8. A tracing of a decay of a ,He fragment into an electron pair, a recoil and 
one or more neutral particles. The electron pair presumably originated from the alter- 
native decay of a x° meson (56). 


the assumption above, the ratio R of the nonmesonic to mesonic decays is 
then (2/3) R™. Data on the ratio R@ have been reported by Blau (10), by 
Castagnoli et al. (15), and by the University of Wisconsin group (67). The 
data of Blau come from a systematic study of 3 Bev proton interactions and 
that of Castagnoli e¢ al. from similar studies in plates exposed to cosmic rays. 
These data are included in Table II. 

It is difficult to add the data of the three groups in a simple way because 
of the difference that may exist in the criteria for selection. In spite of the 
possible differences that may exist among the data, several important con- 
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TABLE II 
THE Ratio R@ =Non 2 MeEsonic Decays/x~ MEsonic DEcAys 


























Reference Z=1 Z=2 _ £3 Z=3 
Wisconsin (39, 67) 0/6 18/7 31/2 140/2 
Blau (10) 1/0 2/0 4/0 6/1 
Rome (15) 0/1 0/1 | 4/0 
Average 1/7=0.14 20/8 =2.5 | 185 /5 =37 - 











clusions can be derived. It seems clear that the mesonic decay predominates 
for hydrogen and that the nonmesonic and mesonic rates for helium are 
comparable. The predominance of the nonmesonic decay mode in fragments 
heavier than helium is shown by the data. Fowler (30) has shown that the 
rapid increase in the percentage of nonmesonic decays with increase in 
atomic number cannot be explained by the absorption of a real pion, emitted 
in the mesonic decay of the bound A hyperon. This agrees with the argument 
previously made by Cheston & Primakoff (17) that the nonmesonic decays 
result from the absorption of a virtual pion in the decay process. 

From elementary considerations, it is to be expected that the nonmesonic 
to mesonic ratio R would rapidly increase with increasing atomic number. 
The overlap of the wavefunction of the A hyperon with that of the nucleons 
would be expected to increase rapidly with mass number because of the 
increase in the binding energy of the A hyperon and correspondingly de- 
creased volume occupied by the A hyperon wavefunction and also because 
of the increase in the number of nucleons and the volume occupied by them. 
Ruderman & Karplus (66) pointed out that the ratio R depends sensitively 
on the angular momentum carried off by the final decay products, and hence 
the value of R should depend on the spin of the A hyperon, as is evidenced 
in Tables III and IV. If the A hyperon has a high spin, this will favor the 
nonmesonic decay mode because of the ability of the two heavy nucleons 


TABLE Ill 


REVISED EsTIMATE* FOR R@™ as A FUNCTION OF PION 
ANGULAR MOMENTUM FOR HE‘ 








l | 0 | 1 2 | 3 











R@ for B=2.0 Mev | 1.1 | 20 340 | 5600 





* Private communication from Ruderman & Karplus (66); the correction for the 
Pauli principle (64), and position correlations from A- attraction have been included. 
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to carry away a large value of angular momentum. Primakoff (64) calculated 
the influence of the Pauli exclusion principle on the mesonic decays. Since 
the nucleon from the mesonic decay of the A has on the average a low kinetic 
energy, the mesonic decay of heavy hyperfragments is inhibited by the re- 
strictions of the Pauli principle on the possible states of the final nucleon. 
Primakoff (64) found that the inhibition factor is about 1/10 for Z>3, 
A >7. The correction for the Pauli principle has been included in Tables III 
and IV. In spite of the possible biases that may be involved in the experi- 
mental data, the agreement of R™ for ,He with the predictions for low spin 
values of the A hyperon is quite remarkable. It is clear that the experimental 
results rule out the possibility that the A hyperon has a large spin. 


TABLE IV 


REVISED EsTIMATE R@ As A FUNCTION OF PION ANGULAR MOMENTUM 
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Nonmesonic decays.—Several examples of nonmesonic decays have been 
observed in which the total energy of the nucleons could be determined and 
the binding energy of the A hyperon could be calculated. An example of one 
such event is shown in Figures 9 and 10. In general, it is more difficult to 
obtain binding energies from the nonmesonic decays which are as accurate 
as from the mesonic decays because of the higher kinetic energy release in 
the former decays. For this reason, there has been less interest in work on 
the nonmesonic decays. It has recently been shown by Baldo-Ceolin e¢ al. 
(5) that it is possible to distinguish reaction 3 from 4 in the nonmesonic 
decays of the light hyperfragments, in particular those of helium, lithium, 
and beryllium. The energy distribution of the charged particles from the 
events was measured. The authors argued that it is possible to separate 
events where the A interacted with a proton from those where the interaction 
was with a neutron, by the presence of a fast proton from the decay. The 
mean energy of the high-energy protons (E,>30 Mev) was found to be 
about 73 Mev, which is in agreement with the expected value (1/2 of the 
A-nucleon mass difference minus the binding energy of the nucleons in the 
fragment). Also, the spread in energy of the fast protons is consistent with 
the Fermi momentum of 200 Mev/c for the nucleon. In this way, it was 
found that the ratio of neutron to proton stimulated decays in helium, 
lithium, and beryllium is 1.2. This result is from a total of 79 events, which 
includes 48 additional events not included in the publication. It was pointed 
out by Ferrari & Fonda (29) that the ratio of proton to neutron stimulations 
depends upon the nature of interaction leading to A hyperon decay as well 
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Fic. 9. The nonmesonic decay of a ,Be® hyperfragment into two helium 
nuclei and a neutron. The energy release is 170+ 3Mev (57). 


as the overlap of the A hyperon wavefunction with protons and with 
neutrons. 

If it is assumed that the nonmesonic decay occurs through a process of 
the type suggested by Ruderman & Karplus (66) and that the stimulated 
bound A hyperons decay with the same branching ratio as the free A hyper- 
ons, then the expected value for the ratio 


a = stimulation by neutrons/stimulation by protons 


is unity or 1/9, depending upon the relative parity of the hyperons and nu- 
cleons. If parity is not conserved, this ratio will lie between 0.1 and 1.0. 

It has, however, been suggested by Ferrari and Fonda that the stimula- 
tion may occur by a virtual process involving a 2 hyperon and a pion with 
subsequent emission and absorption of a second pion. Such a process would 
lead to a neutron to proton ratio greater than or equal to unity. It might be 
expected that the process involving the 2 hyperon may be as important as, 
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or perhaps more important than the single virtual pion reaction because the 
binding of a A hyperon in a hyperfragment can only result from virtual 
processes involving more than one pion, or from processes such as the virtual 
> hyperon, as has been calculated by Lichtenberg & Ross (59) and by 
Dallaporta & Ferrari (24). 

Dalitz & Downs (23) pointed out that the value R© can yield informa- 
tion on the fraction of A hyperon decays which occur through the S and P 
channels. The calculated value of R@ for S-wave decay is Ro =1.1 and 
for P-wave Ri~ =20. Using the experimental value R™, the fraction X of 
decays that occur through the P state can be calculated, and is found to be 
about 0.1. This is to be compared with the limit 0.18 to 0.82 set by the up- 
down asymmetry for free A decays by Eisler et al. (27) and by Crawford 
et al. (19). Data on the value of R™ on fragments of Z >2 have little statis- 
tical significance although they are not inconsistent with the value of X 
found from other data. A value of X=1/3 has been assumed by Dalitz & 
Downs (23). From this value of X =1/3, Dalitz and Downs estimate that 
about 5 per cent of the H* would decay by the two-bodied reaction 


AH* — Het + 2— S. 


if the spin of jH* is J=1. The value 0.05 is to be compared with the experi- 
mental value 12/(21 to 27). If J=0 for ,H‘*, the two-bodied decay can also 
occur through the S channel. They estimate that if J=0 for 4H‘ the propor- 
tion of (He*+ 7) decays of ,H* will be about 1/3, which is consistent with 
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Fic. 10. An energy-level diagram for calculating the binding energy of the 
A hyperon in ,Be® (see Fig. 9). Energies are given in Mev. 
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observations. The authors interpret this result to mean that the spin of 
aH‘ is zero, and hence the A-nucleon interaction in the singlet state is 
stronger than in the triplet state. It should be remarked, however, that this 
result also depends upon an estimate of the probability that the proton from 
the decay will be captured to form Het. 

In favorable cases, there may be an angular correlation between the de- 
cayed products of hyperfragments and the direction of motion of initial 
fragment. If such correlations are found to exist, they will yield interesting 
information on the spin of the hyperfragment which in turn will shed light 
on the A-nucleon interaction. To date, there is no information on this inter- 
esting problem. 

LIFETIME 


The first hyperfragment found by Danysz & Pniewski (26), alone, proved 
that the process which stabilizes the A hyperon is essentially unaffected by 
the presence of nuclear matter, because the moderation time of this fragment 
was about 3X107!? sec. which is to be compared to about 10~* sec. for a 
normal nuclear process involving this amount of energy. 

Hyperfragments yield not only information on the relatively strong 
A-nucleon interactions but also on the weak process which leads to violation 
of ‘‘strangeness.’’ Aside from the normal process of free decays of the strange 
particles, the hyperfragments alone can give information on reactions which 
do not conserve strangeness.” It is difficult to determine the lifetime de- 
pendence on Z and A from published data of hyperfragments for several 
reasons: (a) Difficulties of distinguishing decays in flight of nonmesonic 
decays from break-up of normal fragments; (b) The short moderation time 
of most fragments relative to their lifetime, leading to very few decays in 
flight; (c) Nonmesonic fragment decays have not been systematically 
studied by many groups, since their interest lies in the properties of the 
mesonic decays. 

It is comparatively easy to recognize a charged pion decay in flight from 
other events. Likewise, a nonmesonic decay in flight can, in general, be 
distinguished from a fragment break-up, if a fast proton is produced in the 
decay. From the work of Baldo-Ceolin, which gives the energy distribution of 
fast protons from nonmesonic decays at rest, it can be estimated that 25 
per cent of hyperfragments that decay in flight will give rise to a proton of 
energy greater than 50 Mev, and hence they can be readily recognized as 
hyperfragment decays rather than normal fragment break-ups. (In general, 
the velocity of the hyperfragment will not appreciably affect the energy dis- 
tribution of protons faster than 50 Mev.) The characteristics of the decays 
in flight of hyperfragments are given in Table V. 

Friedlander (36) has estimated the lifetime of 4H* to be 3.7107 sec., 
based upon two decays in flight and 12 decays at rest. The moderation time 


2 If the = compound exists, this also can yield similar information. 











119 


HYPERFRAGMENTS 





in non-mesonic decays has not been given in most studies. Schneps et al. (67) 
give a value comparable to the free lifetime of the A hyperon. No decays in 
flight were observed. About 66 per cent of all the hyperfragments (36 out of 
64) with a range greater than 15 » have a Z greater than two. An appre- 
ciable fraction of the moderation time comes from heavy hyperfragments 
which predominantly decay nonmesonically. These data show that the life- 
time of heavy fragments is not greatly different from that of the free A 


TABLE V 


CHARACTERISTICS OF DECAYS IN FLIGHT 
























Observers | Technique tae Range oe os 
Alexander Cloud 

et al. (1) chamber | 4H? or ,H* 2.5cm.| Mesonic 3.3X10-" 
Sorrels e¢ al. | Cloud 

(74) chamber | aHe‘ Mesonic 5.4X10-” 
Skjeggested 

et al. (70) | Emulsion AH3 44 pu Mesonic 10-2 
Skjeggested 

et al. (71) | Emulsion AH? or aH* 31 yu Mesonic 10-2 
Brisbout 

et al. (12) | Emulsion aH 8340 uw Mesonic 1.3107 
Baldo-Ceolin 

et al. (6) Emulsion aHe* 477 yw Nonmesonic | 1.1 10-" 
Fowler et al. 

(31) Emulsion aHe* 5180 « Mesonic 7.7X10-4 




















hyperon. Superficially, one might think that this is in disagreement with the 
rapid increase of the nonmesonic decay mode with Z. However, Primakoff 
(64) and Rudermann & Karplus (66) have shown that the rapid increase 
in the nonmesonic decay mode does not imply that the lifetime need be 
greatly different in heavier hyperfragments because the mesonic decay mode 
is inhibited by the effect of the Pauli exclusion principle. The inhibition 
factor can be as large as 10 for hyperfragments of Z greater than three. 


BINDING ENERGY 


Levi-Setti et al. (51, 55) have made a “‘world survey”’ of binding energies 
of hyperfragments. The results are tabulated in Table VI. The absence of 
4H! and 4H? (in spite of the ease of their detection) is noteworthy, for it 
indicates that the interaction with one and two protons is not strong enough 
to cause binding and, therefore, the A nucleon interaction must be weaker 
than the nucleon-nucleon interaction. Also, the binding of the A hyperon in 
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TABLE VI 


SUMMARY OF BINDING ENERGIES OF MEsonic DEcays, 
May, 1958 








As reported at Rochester, 


April, 1957* May, 19587 
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Non-uniquely identified events 





AH?34 |—0.31 ‘ ; 0.0 0.7} 
aH45 — 
Z>2 _ 





Ba=A binding energy 

érzz =random error 

5E£ =error in binding energy of individual event 

* Based on Qa =(36.9+0.2) Mev (34). 

} The value of Qa, used in the present computation is (37.22 +0.2) Mev, weighted 
average of the previous value (a) and the value (37.45 +0.17) (7). 

t o,, obtained from the distribution of Ba. 


“ > wi(Bai — Ba)? 
(n <—_ 1) + 8 Oy 
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§ Cay =(Z wz) V2, 
|| Only events in which the z~ stops in the emulsion have been included in the av- 
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aH?, ,He*, and ,Li’ is weaker than the binding of a neutron to a H?, H, and 
Li’. However, the binding of the A in 4H‘, ,4H5, and ,Be® is larger than that 
of a neutron to a similar core nuclei. 

The binding energy of the A hyperon increases almost linearly with in- 
creasing atomic number, while there are large fluctuations in the binding of 
the most loosely bound neutrons to similar nuclei. These facts can be readily 
understood in terms of the effects of the Pauli exclusion principle on the 
neutron and the absence of any such effect on the A hyperon. The A hyperon 
can always occupy the lowest state in the potential well. As a result, Ba 
would be expected to increase monotonically with increasing atomic number 
to some limiting value for every large hypernuclei. In light nuclei, departures 
would be expected as a result of variations in the nuclear density of the core 
with different nuclei and possible spin dependence of the A-nucleon interac- 
tion. For these reasons, the light hypernuclei are of great interest. 

Charged independence asserts that the A-neutron interactions should be 
equal to the A-proton interaction. Experimental values for Ba of 4H‘ and 
aHe‘ are in agreement with the assumption of charge independence (Ba for 
sH*=1.81 Mev, Ba for jHe*=1.99 Mev). The possible difference, if any, in 
the binding energies of ,jH* and ,He* becomes insignificant when one con- 
siders that a difference of 0.4 Mev in the binding energy reflects only a dif- 
ference of 5 per cent in the well depth. The importance of isotopic spin in 
hyperfragment multiplets was clearly stated by Dalitz (21) and by Jones & 
Knipp (50). 

If the isotopic spin of the hyperon is taken to be zero, charge independ- 
ence forbids the reaction 

A—A+7° 6. 
and, therefore, it is not too surprising that the A-nucleon interaction is weaker 
than the nucleon-nucleon interaction for which the single pion exchange is 
not forbidden. Several schemes for the A-nucleon interaction have been 
proposed: 

(a) The process involving two pions 

A+ prottt+rt+prAt(att+wrt+p) Ate, 
which would give rise to a nonexchange force with a range of the order of 
h/(2m,c). The details of this interaction have been discussed by Lichtenberg 
& Ross (59) and by Dallaporta & Ferrari (24); 

(b) A process where a virtual K-meson is emitted such as the following 
reaction 


A+p 7p+K-+p— pt, 


which gives rise to an exchange force with a range of the order of h/mxc. 
This reaction has been discussed by Wentzel (82); 

(c) Reactions involving more than two pions with a corresponding range 
shorter than the above two reactions. 
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An estimate of the strength of the A-nucleon interaction can be obtained 
from the Ba, in ,He® using data from electron scattering experiments of 
McAllister & Hofstadter (61). These authors evaluated the nucleon density 
of He* nucleus. The core of ,aHe® is assumed to be an undistorted He! 
nucleus, and the potential well is taken to be of the size of the nuclear core, 
since the A-nucleon range is probably short. In this way, Dalitz (22) finds 


Ue = 1.71/m,c? 


where Us is the volume integral of the A-nucleon interaction for the four 
nucleons. 

The volume integral of the interaction for ,He* Us~ =1.91/m,c? can be 
compared with Us, by noting that for a spin-independent force 


Us-=(3/4)U 5 = 1.28/m,c*. 


This value is to be compared with 1.91/m,c? obtained from ,He*. From this 
inequality, Dalitz (22) concluded that the A-nucleon interaction is spin- 
dependent. It should be noted that small errors in the binding energy of 
aHe‘ and aHe'® do not materially affect the argument, since the volume inte- 
grals depend primarily on the depth of the well and not directly on the bind- 
ing energy. 

A measure of the degree of the spin-dependence was found by the follow- 
ing argument. In ,He', the spins of the nucleons in the a-particle core couple 
to give a total spin of zero as dictated by the exclusion principle, so the 
potential for the A hyperon is the sum of both spin orientations for both 
neutrons and protons. For a spin S of the A hyperon 


Us = 4[SU.- + (S + 1)U,-](2S + 1), 


where U~, and U~, are the volume integrals for the A-nucleon interaction in 
the antiparallel and parallel spin orientations respectively. In ,He*, the A 
hyperon is free to couple in the most advantages way to the neutron and, 
since the coupling to the protons is U~4/2, then 


Umax = Us — (1/2)0¢- = 1.05/m,c?, 


which is to be compared to Uj-/4=0.43/m,c?. The difference between Umex™ 
and U,~/4is the difference between the volume integral for the most favorable 
A-nucleon spin orientation and the average volume integral for both spin 
orientations. Perhaps the weak point in the argument comes from the as- 
sumptions regarding the shape and size of the He* core of ,He*. Electron 
scattering measurements are not available on He’. 

Brown & Peshkin (14), on the other hand, find that all of the data for 
various fragments can be explained without introducing a spin-dependent 
interaction, and attribute the ,He‘*, ,He® difference to distortions of the 
nuclear core. 

HYPERNUCLEI 


Charged hyperons are not expected to be stable in nuclear fragments 
containing both protons and neutrons because of the fast reactions 
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z+p-At+n 7. 
zt+n-At+p. 8. 


However, the compounds (2*++ ) and (2~+7:) would be stable against A 
formation as emphasized by Holladay (49). The emission of a single virtual 
pion which could lead to binding comparable to those of nucleons (which is 
forbidden for the A hyperon) suggests that such compounds might exist. 
One event has been reported by Baldo-Ceolin et al. (4) which was interpreted 
as a (2++) compound. The decay star consisted of a pion of 85+11 Mev 
and a proton of 15.5 Mev. These two tracks were not colinear. Assuming a 
neutron balanced momentum, the total energy release was 106+14 Mev, 
which gives a binding energy of 6+ 14 Mev. The only alternative interpreta- 
tion is that the secondary star was produced by the absorption from rest of 
a K~ meson. The connecting track is 22 uw long and profile measurements 
give a charge of two. From the same measurements, the probability that 
the charge is one is estimated to be 5 per cent. 

Judging from the absence of compounds from the large number of K- 
capture stars that have been studied by many groups, the probability of 
compound formation must be quite small (<1/500 2’s form a fragment). 
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By EmILio SEGRE? 
Physics Department, University of California, Berkeley, California 


INTRODUCTION 


The idea of ‘‘antiparticles,” as is well known, originated with Dirac, who 
in establishing the relativistic equations for the electron noted that besides 
the solutions corresponding to ordinary electrons there were also “unwanted 
solutions” corresponding to particles of electronic mass but of charge +e 
instead of the electronic charge —e. (45). The discovery of the positron by 
Anderson (10) offered a brilliant experimental confirmation of Dirac’s pre- 
diction and gave the first example of an “‘antiparticle.”’ 

One could think of applying Dirac’s theory of the electron without 
changes, except in the mass of the particle, to the proton; however, this view 
is obviously untenable because the magnetic moment of the proton is not 
one nuclear magneton, nor would it account for the neutron which is clearly 
related to the proton. Even if such a literal extension of Dirac’s theory is 
impossible, the feature of giving sets of solutions which represent ‘‘charge- 
conjugate” particles is preserved in all theories of elementary particles. In 
particular the appearance of the anomalous moment of the proton is no 
obstacle because it is ascribed to the pion cloud surrounding it, and the inter- 
action between pions and nucleons is of the ‘“‘strong”’ type for which invari- 
ance on charge conjugation is valid (105). We shall consider here only fer- 
mions of spin 3. For them a particle and its ‘‘charge conjugate”’ are related 
by the set of properties given in Table I. 

Properties 1 to 5, inclusive, are established by very general arguments 
and require only invariance under the product of charge conjugation C, 
space reflection P, and time reversal T7(CPT theorem); they are rigorously 
true even if invariance under charge conjugation alone is not valid [see 
(105)]. 

Originally, properties 1 to 4 were derived from the principle of invariance 
under charge conjugation, which can be formulated by saying that a possible 
physical situation is transformed into another possible physical situation by 
changing the sign of all electric charges. Since this principle is violated in 
weak interactions, it is important to point out that it is not necessary to 
establish the properties listed above, but that the weaker requirement ex- 
pressed by the invariance under the CPT transformation is sufficient 
(76, 77). 


1 The survey of the literature pertaining to this review was completed in April, 
1958. 

? The author is indebted to Drs. G. Chew, G. Goldhaber, H. Steiner, and T. Ypsi- 
lantis for reading the manuscript and offering very useful comments. 
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TABLE I 


PARTICLE-ANTIPARTICLE RELATIONS 








Particle Antiparticle 





1) Charge 
2) Mass 

3) Spin same 
4) Magnetic moment 
5) Mean life same 

6) Creation in pairs 
7) Annihilation in pairs 








Properties 6 and 7 in the nuclear case are a consequence of the conserva- 
tion of nucleons; the number of antinucleons must be subtracted from the 
number of nucleons in establishing the nucleon number of a system. 


VERIFICATION OF DrRAc’s ATTRIBUTES OF THE ANTIPROTON 


After the discovery of the positron in cosmic rays it was natural to expect 
that antinucleons also might be found there; indeed, prior to 1955, processes 
in which the energies available were sufficient to produce nucleon-anti- 
nucleon pairs occurred only in cosmic rays. Several cosmic-ray events 
(5, 24, 25, 98) have been observed in cloud chambers and in photographic 
emulsions which are attributable to antiprotons. In none of them, however, 
is the evidence obtained sufficient to establish with certainty the identity 
of the particle involved. 

With the advent of accelerators powerful enough to produce antinucleons 
in the laboratory, it became possible to investigate systematically anti- 
protons and antineutrons, and to identify them beyond any doubt. The first 
successful investigation was carried on by Chamberlain, Segré, Wiegand & 
Ypsilantis with the Berkeley Bevatron in the fall of 1955 (38, 39). Charge, 
mass, and stability against spontaneous decay of the antiproton were the 
first properties ascertained. 

The central problem was to find particles with charge —e and mass equal 
to that of the proton. This was accomplished by determining the sign and 
magnitude of the charge, and the momentum and velocity of the particle. 
From the relation 


p = mcBy i. 


the mass was then found. Here p is the momentum, m the rest mass, c the 
velocity of light, v the velocity of the particle, and B=v/c, y = (1—8?)~"/?. 
The apparatus employed is shown in Figure 1. The trajectory of the 
particles fixes their momentum if the charge and the magnetic fields are 
known. The latter are measured directly and the trajectory is checked by 
the wire-orbit method: a flexible wire with an electric current 7 and subject 
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Fic, 1, Original mass spectrograph of Chamberlain, Segré, Wiegand, & Ypsilantis (39) 
For characteristics of components see Table IT. 
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TABLE II 


CHARACTERISTICS OF COMPONENTS OF THE APPARATUS 








Plastic scintillator counters 2.25 in. diameter by 0.62 in. thick 

Cl Cerenkov counter of fluorochemical O-75, (CsF,xO); up=1.276; 
p=1.76 gm. cm.~* Diameter 3 in.; thickness 2 in. 

C2 Cerenkov counter of fused quartz: pp = 1.458; p=2.2 gm. cm.~* Diam- 
eter 2.38 in.; length 2.5 in. 

Q1, Q2 Quadrupole focusing magnets: Focal length 119 in.; aperture 4 in. 
Mi, M2 Deflecting magnets 60 in. long. Aperture 12 in. by 4 in. B=13,700 
gauss 








to a mechanical tension T in the magnetic field takes exactly the form of the 
orbit of a particle of charge e and momentum ? if 


T/i = p/e. 2. 


The particles in passing through the scintillation counters 5,525; give 
rise to pulses having the same pulse height as those caused by protons of the 
same momentum, thus indicating that the magnitude of the charge is e and 
not 2e or greater. The trajectory determines the momentum ? and also that 
the sign of the charge is negative. The measurement of the velocity is the 
most difficult part of the experiment, especially because antiprotons are 
accompanied by a very heavy background flux of pions mixed with some 


electrons and muons in a ratio of the order of 50,000 pions to one antiproton. 
It is accomplished by measuring the time of flight between scintillators Sj, So, 
and corroborated by the response of the special (40, 106) Cerenkov Counter 
C. which responds only to particles with 0.75 <8 <0.78. Cerenkov Counter 
C; is in anticoincidence and responds to particles with 8 >0.79, helping to 
eliminate pions and lighter particles. Scintillator S; has the purpose of ensur- 
ing that the antiproton traverses the whole apparatus. 

The momentum of a particle passing through the instrument was 1.19 
Bev/c. The velocity of an antiproton of this momentum is 0.78c, whereas a 
meson of the same momentum has v=0.99c. Their times of flight between 
S; and S; were 51 and 40 millimicroseconds, respectively. The time of flight 
and the response of C2 represent independent velocity measurements, and 
combined with the other counters as described allow the identification of the 
particle as an antiproton and a measurement of its mass to within 5 per cent 
accuracy. This apparatus delivers at S; certified antiprotons, i.e., it ensures 
that when the expected electronic signals appear, an antiproton has passed 
through it and emerged at S;. 

A more luminous version of the apparatus which gives about 80 times as 
many antiprotons as the one described above has also been described (2). 
At 6.2 Bev this last apparatus gives, as an order of magnitude for practical 
purposes, one transmitted antiproton of momentum 1.19 Bev/c for every 
2X10" protons impinging on a carbon target 6 in. thick. 
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A spectrograph using repeated time-of-flight measurements, without 
Cerenkov counters, has been built by Cork and his co-workers (42); its per- 
formance is similar to that of the spectrograph in (2), but it is better suited 
for lower momenta where Cerenkov counters are inconvenient. 

The following sections contain discussions of the extent to which the 
properties mentioned in Table I have been verified. 

Charge.—The sign of the charge is determined by the curvature of the 
trajectory, and its magnitude by the pulse size in the counter experiments 
and by the grain density in photographic emulsions. Ruling out the possi- 
bility of fractional charges, it is —e, identical with the charge of the elec- 
tron (39). 

Mass (14, 33, 39).—The first antiproton experiment gave the mass to an 
accuracy of 5 per cent. The most precise value of the ratio of the antiproton 
mass to that of the proton is obtained by the combined use of a measurement 
of momentum by the wire method and range in a photographic emulsion: a 
value of 1.010+0.006 has been obtained for the ratio; however, the error 
reported does not take into account possible systematic errors in the deter- 
mination of the momentum which, estimated very conservatively, might 
cause an error in the mass of about 3 per cent. 

It is interesting to measure the mass of the antiproton by the use of 
photographic emulsions only, without a separate measurement of the mo- 
mentum: this has been accomplished by (a) the combination of ionization 
and residual range and (b) by the combination of ionization and multiple 
scattering. Ionization was measured by grain density or by measuring the 
average fraction of a track occupied by silver grains. The emulsions were 
calibrated directly, using protons or deuterons. This work has given a ratio 
for Method (a) of 1.009+0.027, and for Method (0) of 0.999+0.043. Again 
the errors are only statistical. Possible systematic errors might be as high 
as 3 per cent (14). 

The conclusion is that the identity of the mass of the proton and of the 
antiproton has been verified experimentally to an accuracy of about 2 
per cent. 

Spin and magnetic moment.—There are no direct observations of these 
quantities for the antiproton. A possible method of measurement would be 
the following: antiprotons generated with a momentum vector at an angle 
with the momentum of the particle incident on the target are likely to be 
polarized. If so, the polarization is in a direction perpendicular to the plane 
defined by the two momenta mentioned above. If the antiprotons are not 
polarized at creation, they may be polarized by scattering but this would in- 
crease very appreciably the intensity requirements for an experiment. As- 
sume they are polarized and pass them through a magnetic field H parallel to 
the momentum. The polarization vector rotates by an angle 
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where yw is the magnetic moment, d the length of the field, and #& Planck’s 
constant divided by 27. The angle a is directly measurable by scattering the 
antiprotons on a target and observing the asymmetry of scattering at dif- 
ferent azimuths. All other quantities except uw are easily measurable. The 
experiment seems feasible with present techniques (67, 97). The spin of the 
antiproton could also be considered as directly verified experimentally if the 
magnetic moment were to be found, as expected, equal in magnitude to that 
of the proton; in fact, the factor 2 of Equation 3 is based on a spin $ for the 
antiproton; however, strictly speaking, this experiment would measure only 
the gyromagnetic ratio of the antiproton. 

Annthilation.—The prediction from Table I is that a nucleon-anti- 
nucleon pair at rest will annihilate, releasing the energy 2 mc*. No informa- 
tion is given on the form of the energy release; thus, for an electron-positron 
pair, Y-rays are emitted, whereas for a nucleon-antinucleon pair, pion pro- 
duction is the dominant mode of annihilation. Starting from a nucleon-anti- 
nucleon pair, positive, negative, or neutral pions may be obtained, the latter 
decaying within 10~ sec. into y-rays. The charged pions also decay into 
@ mesons and neutrinos, but the » mesons decay further into electrons, posi- 
trons, and neutrinos; and in matter the positrons left over annihilate with 
electrons. Thus, within microseconds the whole rest mass of the system has 
degraded to forms of energy of rest mass zero with the exception of the case 
of the antiproton-neutron annihilation, in which an electron is left over. 
Without entering, at present, into any details concerning the annihilation 
process, it is clear that in a photographic emulsion where only charged 
particles leave a track it will not be possible to follow all the annihilation 
products, but only the charged ones. If, however, at the stopping point of an 
antiproton an energy release greater than mc? is observed, the conclusion 
must be drawn that the antiproton has annihilated another nucleon, because 
the visible energy liberated is already greater than the rest energy of the anti- 
proton. The first observation of this phenomenon is reported in (32). 

Other methods of observing the annihilation of an antiproton are based 
on the light emitted either as Cerenkov light or as scintillation light by the 
charged particles produced directly or indirectly in the annihilation process. 

Two typical instruments using Cerenkov light and scintillation light, 
respectively, are shown in Figures 2 and 3. In Figure 2 the radiator is a 
large block of glass of refractive index 1.649 for the D lines and radiation 
length of 2.77 cm. It is observed by a bank of photomultipliers. The light 
observed is Cerenkov radiation due to the showers produced by neutral 
pions or produced directly by charged pions (23). In Figure 3 (30) the radia- 
tor is a composite sandwich of lead and plastic with an average density of 
3.84 gm. cm.~’, an average radiation length of 1.7 cm., and a thickness cor- 
responding to three annihilation mean free paths. The total dimensions of the 
‘“‘sandwich”’ are about 60 X60 X60 cm. Both instruments have low resolving 
power, and the annihilation of an antinucleon produces pulses which vary 
greatly in magnitude. Nevertheless, an apparatus similar to that of Figure 
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2 was used in order to see large annihilation pulses when antiprotons selected 
by the spectrograph of (39) were sent into a piece of glass. The results ob- 
tained ‘‘were not inconsistent with the expected behavior of antiprotons,” 
but the largest energy release observed as Cerenkov light corresponded 
only to 0.9 Bev (21, 22). 

Production in pairs—The evidence on this subject comes from the ex- 
citation function. The data are still very scanty, but the fact that no anti- 
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Fic. 2. Schematic arrangement of the pulse height spectrometer showing the glass 
phototubes, and magnetic shield, as well as the anticoincidence counter, lead, and co- 
incidence counters. These two scintillation counters insure that the electron showers, 
which are pulse height analyzed, start in the 0.25-inch lead converter and thus are 
centered in the glass, and start at its front surface. From (23). 


protons have been observed at an energy lower than 4.0 Bev for the Bevatron 
beam is an indication of the production in pairs (39). 

Thresholds for production in pairs are given in the following Table III 
for different processes. Very little is known of the production cross sections 
and their energy-dependence (see section on Production), but if the pro- 
duction were not in pairs, process (1) with protons at rest would have, for 
instance, a threshold of only 2.35 Bev and the other correspondingly lower. 
The observed facts do not seem reconcilable with such an hypothesis: 

Decay constant.—Antiprotons in a vacuum must be stable. Antineutrons 
must decay with a mean life of 1040 sec. In the different experiments per- 
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Fic. 3b. Assembly of the annihilation detector. From (30). 
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TABLE III 


THRESHOLDS FOR NUCLEON ANTINUCLEON PAIR-PRODUCTION 
(Bev kinetic energy in the laboratory) 

















Process Target at rest aos ro. 
1) p+p—3p+p 5.63 4.30 
2) +p—2p+p 3.60 2.85 
3)* p+p—pt+pt+n (Ty =3.60) 4.06 (T, =2.85) 3.08 





p stands for proton or neutron. Naturally electric charge must balance in the 
reaction. 


* Line 3 indicates the proton minimum energy required in order to obtain pions 
of energy 7; in a p-p collision. 


formed heretofore, the times of flight involved are up to 10~” sec. The decay 
constant cannot be much less than the time of flight, otherwise no antipro- 
tons would be observed. Thus the lower limit for the mean life is 10~" sec. 

In conclusion it can be said that the properties of Table I are essentially 
verified. 


NUCLEONIC PROPERTIES OF THE ANTIPROTON 


The total isotopic spin T of an antinucleon is clearly 1/2 and the formula 
for the charge 


Sumak 4. 
e 2 


where N is the number of nucleons, suggests the assignment of 7;= —} to 
the antiproton and 7;=}3 to the antineutron. Thus a proton-antiproton pair 
has T3;=0, but T=1 or 0, whereas the proton-antineutron pair or the anti- 
proton-neutron pair have T=1. 

The intrinsic parity of the antiproton and the antineutron is —1 if that 
of the proton and neutron is assumed to be +1. A justification of this as- 
signment of intrinsic parity is that Dirac’s theory predicts for the electron- 
positron pair in the 'So state a 2-quanta annihilation with the polarization 
of the 2 quanta perpendicular to each other corresponding to a pseudoscalar 
matrix element (@:: @2X p)f(p) (1, €2 unit vectors indicating the polarization 
of the quanta; p relative momentum). This prediction has been verified ex- 
perimentally and forces the electron and positron to have opposite parities 
[see (44)]. The same is assumed to hold for the proton-antiproton pair and 
for the neutron-antineutron pair. A summary of these properties is presented 
in Table IV (83, 90, 105). 

The next discussion will be on those properties which are not predictable 
on the basis of charge conjugation. They are the most novel ones and their 
study has barely begun. They will be divided into collision cross sections, 
modes of annihilation, and production. 
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TABLE IV 


Spin, Parity, J-SpIN oF NUCELONS AND ANTINUCLEONS 























Proton Neutron Antiproton | Antineutron 
Spin S 1/2 1/2 1/2 1/2 
I-spin T 1/2 1/2 1/2 1/2 
3rd comp. of I-spin T; 1/2 —1/2 —1/2 1/2 
Parity + _ - _ 





Collision cross sections.—Collisions of antiprotons on nuclei may lead to 
elastic scattering, inelastic scattering, annihilation, or charge exchange. The 
corresponding cross sections will be called a, o;, ga, 7. Also considered is the 
reaction cross section o,=0¢0;+o0,+0, and the total cross section o;=0;+40¢. 
The experimental data obtained thus far are rather sketchy. The case of 
antiproton-nucleon scattering and the case of scattering from complex nuclei 
will be treated separately. 

A typical apparatus used experimentally (36) is shown in Figure 4. A 
certified antiproton falls on the target which is placed in the slots of Y and, 
if it is annihilated, it gives Cerenkov light detectable by the photomultipliers. 
If it crosses the target without annihilation and falls into a cone of semi- 
aperture 14° or 20° it is detected by the circular scintillators. If it is scattered 
by an angle 6 > 20° it is not detected by the scintillators or by the target box. 
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Fic. 4. Arrangement for measuring annihilation cross section and o,(@). From (36). 
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With this apparatus one measures separately o, and o, (20°); the latter 
symbol means that the elastic scattering has occurred with an angle larger 
than 20°. A “good geometry”’ arrangement which measures og; is shown in 
Figure 5 (43). The data accumulated with these or other methods are shown 
in Tables V and VI. The errors quoted are only statistical. The whole subject 
is in a very early stage of development and the picture we have thus far is a 
sketchy one. Moreover, there are some features of the experimental results 
obtained thus far which look suspicious; in particular, the ratio between the 
scattering and total cross section in hydrogen should be reinvestigated. 

It must be noted that most of the diffraction scattering is included in the 
data for beryllium and carbon. Namely, if one computes o,(@) for @=0, in- 
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Fic. 5. Good geometry arrangement for measuring total } — p cross sections. From (43). 


cluding all diffraction, the cross sections are increased by about 10 per cent. 
In the data for oxygen, copper, silver, and lead, diffraction scattering is 
practically excluded because @ >14°. 

In Table V the data at 450 Mev have been obtained by investigation 
of H,O, D,O, and liquid oxygen and by suitable subtraction procedures. The 
reason for this is that liquid hydrogen has a refractive index too small to be 
used in a Cerenkov counter to detect annihilation. The data ‘‘n” are a simple 
subtraction of DO and H;0 observations. However, a large ‘‘Glauber cor- 
rection”’ (58) is necessary in order to take into account the shielding of the 
neutron by the proton in the deuteron. The extent of this correction is some- 
what uncertain (20, 58). The data m are corrected values. 

The data on hydrogen give the puzzling result that if the data in good 
geometry are compared with the data at 450 Mev which are in poor geome- 
try, there is no difference in cross section to account for any diffraction 
scattering. This point needs further experimental investigation. 

The salient fact emerging from all these observations is that the cross 
sections which are obtained for all processes involving antiprotons are large 
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(37). There have been many theoretical papers on the interpretation of the 
P cross sections. At present the most promising line of approach to the inter- 
pretation of the experimental results seems to be a theory of Ball & Chew 
[12; see also 69, 73, 108] which accounts for the large pp and mp cross 
sections. Combination of their nucleon-antinucleon results with the optical 


TABLE V 


ANTIPROTON NUCLEON Cross SECTIONS (IN MILLIBARNS) 








r | | | | ot 
TMev |94-| o.@) | | o4(0)t 
grees | 








71425 |<86+45 60 
58+11 3 
72+10 166+8 28 41 
135 +16 25 41 
64+8 | 152+7 25 41 
50+7 % 12447 24 41 
104+14 23 43 
49+5 114+4 23 41 
15+12 104+8 (25) | 36 
17412 | 102+8 (24) 36 

| 97+4 30 43 
9444 45 43 


H 20-230 
150 
133 
190 
197 
265 
300 
333 
450 
450 
500 
700 





oooroooceoonm 


450 | 1: 135+7 174+8 | (54+2) 36 
450 172+8 | (45+2) 36 


450 | 14 46+8 | 70+8 | (29+1) 36 
450 70+8 | (21+1) 36 








450 74 113 | 36 
450 74 113 | 36 























* From the compilations of Beretta, L., Villi, C., and Ferrari, F., Nuovo cimento, 
12, Suppl., 499 (1954); Djelepov, V. P., and Pontecorvo, B., Atomnaya Energ., 3, 
413 (1957). 

+ Numbers in parenthesis directly measured [see (36)]. 

t (0) =o. +o.+o.(0) +0;; for @=14° or larger most of the diffraction scattering 
is not counted in o;(6@). 


model theory will account for the antiproton cross sections in complex 
nuclei. 

The Ball-Chew model starts from an analogy with nucleon-nucleon scat- 
tering. There a model with a repulsive core of (1/3)(#/m,c) radius and a pion 
cloud surrounding it is assumed and has been shown by Gartenhaus (54) and 
by Signell & Marshak (99) to give reasonably good agreement with experi- 
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TABLE VI 
p-CoMPLEX Nuc Le! Cross SECTIONS (IN MILLIBARNS) 








T o* 5.3% 
(Mev lab) or? /oe? 
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700 
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700 
700 
700 
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436+ 19 
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568 + 102 6184111 
655 + 130 
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556+ 453+ 9 

$17+ 

590+ 1.74+0.04 
1240+ 1040+ 61 
1220+ 
1260+ 1.44+0.11 
16304170 | 1500+157 
1640 + 183 
1635 + 188 1.39+0.16 
2850+ 225 | 2010+ 182 
2680 + 254 
3005 + 275 1.62+0.16 
2330 + 285 
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ment. The nature of the hard, repulsive core is unaccounted for from a pion- 
theoretical point of view and must be considered as a phenomenological 
hypothesis, whereas the pion cloud can be treated from the point of view of 
the Yukawa interaction with due refinements. For a nucleon-antinucleon 
system the hard, repulsive core is replaced by an absorbing core. This is 
motivated by theory and justified by the large experimental annihilation 
cross section. Any antiproton which overlaps even slightly with the core 
seems to undergo annihilation. This core is surrounded by a meson cloud 
charge conjugate to the meson cloud surrounding a proton, and the interac- 
tion between proton and antiproton can be calculated by the same methods 
as the proton-proton cross section, provided one remembers that the ‘“‘mesonic 
charge” of the antiproton and of the proton are opposite. Thus forces de- 
rived from the exchange of an even number of pions have the same sign in 
both cases, but forces derived from the exchange of an odd number of pions 
have opposite signs in the two cases. This program is carried out by intro- 
ducing an interaction energy 


Ve + Vis(L-S) + VrSiz 5. 


containing a central, spin-orbit, and tensor part. From this one obtains an 
“equivalent potential’’ for the eigenstates of the total angular momentum 
including centrifugal repulsion: 
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With these potentials one constructs the phase shifts and the penetration 
coefficients for the partial waves. 

The Ve, Vis, Vr are chosen following Gartenhaus (54) and Signell & 
Marshak (99) for the Vzs part, but introducing the sign changes required 
by the change of sign of the interaction energy corresponding to the exchange 
of one pion. The calculation of Ball and Chew is limited to s, p, and d waves, 
i.e., to energies <150 Mev, but even so it gives very interesting results as 
shown in Table VII. 


TABLE VII 


THEORETICAL Cross SECTIONS FOR NUCLEON ANTINUCLEON INTERACTION IN 
MB AT 140 MEv (LAB) ACCORDING TO (30) 








pp np pp =| om 





| | 
| | 
Absorption 73 


Scattering 74 29 60 


Charge exchange 21 








The limitation in energy of the present calculations derives first from the 
nonrelativistic approximations made, as for instance the use of a potential; 
and second from the fact that in order to extend the theory to higher energies 
details near the boundaries of the black zone, which are unknown, become 
important. The reason for this is that the total potential surrounding the core 
is composed of a centrifugal part and a part originating from the nuclear 
forces. The sum of the two forms a barrier which is very wide and flat on the 
top. This barrier can be treated very adequately with the WKB method and 
for a given s, p, or d partial wave usually gives either perfect transparency 
or perfect opacity, fairly independently of any reasonable core radius. For 
higher angular momenta these circumstances no longer obtain. 

The Ball-Chew model also can be used to calculate angular distributions 
for elastic scattering. These have been computed by Fulco (53) and show a 
peak in the forward direction (Fig. 6), very different from the mp angular 
distribution. Experimental results, although not very abundant yet, seem to 
confirm this feature of the model, which is mainly due to the diffraction 
scattering connected with the annihilation (3). It is necessary to check further 
the prediction of this type of model against experiment, but at this time it 
seems to offer great promise of accounting for the facts. 
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Fic. 6. Angular distribution in pp-scattering. Theoretical curve from (53) at 140 Mev. 
Experimental results from (3). 


In the same trend of ideas Koba & Takeda (73) conclude that at very 
large energies (Aa), og =o0,=7a* where a is the radius of the black core, 
but at lower energies ¢,=7(a+A)*. Even considering waves of high angular 
momentum /, the ratio between annihilation and scattering cross sections is 
limited by the inequality: 

1) 
aM< = (2 +1) a 8. 
where a” is the cross section for the /th partial wave. Thus, for a given total 
cross section, a small ratio of elastic to total cross section can be obtained 
only for large values of 1. 

Other calculations on the same subject have been performed by Lévy (80). 
In some respects these resemble Ball and Chew’s work, but they try to take 
into account terms in which many pions, not only one or two, are involved 
[see also (102)]. They have been further developed by Gourdin et al. (64). 

Inelastic collisions in which pions are generated, without annihilation of 
the antinucleon, have been considered by Barshay (15). He has established 
selection rules and angular distributions to be expected in such collisions. 

In addition to the detailed considerations discussed above there are 
several relations between elastic cross sections which are independent of de- 
tailed models and require only charge independence of nuclear forces; such 
are found in (9, 31, 74, 83, 94). As examples we mention: 


do es k\? 
ims (0°) »p.nn > (=) {ox(Bn) = o(pp) }? 
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where @p5.pn Means the charge exchange scattering cross section and: 


oe(pp — pp) + oc(pp — nh) > 30.(pn — fn) 
oe(PB > PB) = | aig + aig |? = o.(mh > nl) 
ocl(pp — ni) = t| ay ~ ayy |2 
o.(pn — fn) = | aig |2 = 0.(ap — fip) 
where a;; is the scattering amplitude for T=1 (triplet) between initial and 
final states and a; is the scattering amplitude for T=0 (singlet) between 
initial and final state. 
Relations 11 give rise to triangular inequalities: 
| (o(pB — fin))"!2 — (o(fn — fn))2| 
< (c(h — pp))* < (o(pp — nA)? + (o(hn — fn)? = 12. 
| (o(pp — nh))"* — (o( pa — par))*? | 
< (o(pn — fn))!? < (o( pa — np))? + (o(pp — pp)? = 13. 


| (o(Bn — fn))"2  (o(pp — pp))"2| 
< (o(pp — nii))"!* < (o( ph — ph)? + (o(pp > pp))"*. 14. 


These relations are valid for the differential cross sections as well as for the 
total cross sections. 

At present there are not enough data to evaluate the scattering ampli- 
tudes. Pomeranchuk (94) has pointed out that at high energies we might 
expect: 


| aig — aig | K | ay | 15. 
| aig — ayy | K | ay |. 16. 


These interesting inequalities are justified as follows: for each initial 
state t of definite angular momentum and isotopic spin the scattering matrix 
to a given final state f is subject to the sum rule 


X | Sy |? = 1. 17. 


The amplitudes for elastic scattering in T=0 or T=1 states are 
agg = (Sx —1) or aie = (S$; —1), whereas all other amplitudes are Sy; for 
fi. At high energies the S;; become small because there are many channels 
and the sum rule forces each individual S;; to be small; however the elastic 
scattering amplitudes stay comparable to unity because they are equal to 
Sii;—1. As a consequence the amplitudes for elastic scattering ais and aj 
each tend separately to —1, whereas their difference tends to zero. 

Proceeding from the nucleon-nucleon to the nucleon-nucleus processes, 
an early paper by K. A. Johnson (70) using lowest order perturbation theory 
predicted elastic cross sections of the order of 0.1 geometric. Duerr, M. H. 
Johnson & Teller (47, 71), on the basis of a special nonlinear theory of nuclear 
forces, predicted a total cross section of the order of or larger than the geomet- 
rical one. This theory now seems untenable (46), but it foresaw the experi- 
mental results. 
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The most successful treatments of the nucleon-nucleus interactions have 
been obtained with the optical model (2, 57, 84, 91, 93). In its simplest form 
one gives to nuclear matter a density distribution using, for example, data 
from electron scattering. Moreover, nuclear matter has absorption and scat- 
tering coefficients which can be connected with the nucleon-antinucleon 
scattering and annihilation. With such a nuclear model, using geometrical 
optics, the scattering and absorption by a nucleus are calculated. For a 
uniform spherical density distribution of radius R the reaction cross section 
of the nucleus is given by a literal application of geometrical (110) optics as 


R R 
o = Ie f (1 — e2°%*)bdb = Qn f (1 — e*%*)sds 18. 
0 0 


where s?= R?—5?, b is the impact parameter with respect to the center of the 
nucleus, and the absorption coefficient K is given by 


K = 3Aa/4eR?* 19. 
with A the mass number and ¢ the average total nucleon-antinucleon cross 
section. A slight refinement of this approach takes into account the finite 


range of the interaction and the nuclear density distribution. The density 
distribution used is generally of the form 


Po 
p(r) = . 20. 
1 + exp [(r — R)/a] 
The parameters have been chosen in (2) with the following values 


R = roA¥? = 1.08A"? X 10-3 cm.; @ = 0.57 X 107 cm. 





The results show good agreement with experiment. 
In a similar fashion one may assume a complex potential (57) 
, Qu 
V(r) = meron 22. 
1 + exp [(r — R)/a] 

and calculate the cross sections. Glassgold has obtained good agreement with 
the present experimental data taking a potential of this form and 
a=0.65 X107'8 cm., R= 1.30 A‘/#10—!3 cm. He has calculated explicitly three 
cases corresponding to protons and antiprotons as shown in Table VIII, 


TABLE VIII 


OptTicaL MopEL POTENTIALS 





(57) (For all three cases the radius parameter is 7p =1.30 and the diffuseness a =0.65 
10-8 cm.) 








Projectile V (Mev) W (Mev) 





a —12.5 
— 15 —50 
— 528 —50 
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Calculations with a deep potential well (f’) as required by the hypothesis of 
Duerr and Teller seem hardly compatible with the experimental results. 

Elastic collisions with small deflections give rise to interesting inter- 
ference phenomena between coulomb and nuclear scattering. These have 
been observed in photographic emulsions by G. Goldhaber & Sandweiss (61). 
They considered scattering down to a projected angle 1.5° and compared the 
result with that calculated from a black sphere of radius R and a coulomb 
field. The radius R was assumed to be 1.64 A'/310-!% cm. and corresponds 
to the annihilation cross section. The agreement with experiment is good. 
Similar calculations performed with the potentials used by Glassgold also 
agree with experiment and give further support for his choice J of parameters 
as distinct from the choice p’. 

A more fundamental approach to the determination for the constants of 
the optical model potential is to connect them to the nucleon-nucleon poten- 
tial as indicated by Riesenfeld & Watson (111). In the specific case of the 
antiprotons, the Ball-Chew nucleon antinucleon potential may be used. 
Some successful steps in that direction have been initiated (3). 

The annihilation process—Information concerning the annihilation proc- 
ess is derived mostly from annihilations in photographic emulsions and bub- 
ble chambers (3, 6, 14, 33, 34, 35, 52, 68). From the technical side the most 
important development for observing the annihilation in photographic 
emulsions has been the preparation of beams in which the ratio of anti- 
protons to undesired particles is increased from the value obtained by a 
simple selection of momentum and direction from the Bevatron target. 
Such improved beams will be called ‘‘purified.’’ In an unpurified beam the 
ratio of pions to antiprotons is in the range between 5 X 10° to 5 X 10*, depend- 
ing on the momentum selected. In order to have the # tracks easily distin- 
guishable from minimum tracks at the entrance of the stack, it is necessary 
to keep the momentum below about 700 Mev/c. At this momentum the 7/f 
ratio is about 5 X 10°. Increase of the momentum at the entrance is undesira- 
ble, not only for the reason given above, but also to keep the stack length 
manageable. 

Efforts to purify the beam were made at an early date by Stork et al. (100) 
but had meager success because the large absorption cross section for anti- 
protons, unknown at the time, spoiled the performance of the apparatus. 

Later a method was devised by which a beam of selected momentum is 
passed through beryllium absorbers, out of which the different particles 
emerge with different momenta. A second momentum selector refocuses the 
different masses in different spots. The antiprotons are accompanied by a 
background of about 5 X10‘ spurious particles per antiproton, which is a gain 
of a factor 10 in the ratio of antiprotons to background for the momentum 
considered. Moreover, the background particles are almost entirely electrons 
and mu mesons coming from the pion decay, with only a few per cent pions 
left. They interact only weakly in the plates and are much less disturbing 
than the original pion background (35). 

The problem of purification of the beam is encountered also in the use 
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of bubble chambers. An arrangement (3) has been used in which a purifica- 
tion similar to the one described in (35) is combined with an electronic 
command of the flashing of the lights of the bubble chamber, limiting it to 
the cases when an antiproton detector signals the entrance of an antiproton 
in the bubble chamber. 

The purification problem has also been attacked by a combination of 
electric and magnetic fields in a Wien-type velocity filter. This velocity 
selector is used in conjunction with momentum analyzers to separate particles 
of different mass. There are at present two versions of these separators (41, 
89) which show great promise. 

The annihilations in which the antiproton reaches the end of its range 
and is at rest will be discussed first. Actually, with the present photographic 
technique this means that the kinetic energy of the antiproton is <10 Mev. 

Up to now it has not been possible to recognize effectively the partner in 
the annihilation in photographic emulsions. A few stars have been observed 
with no nucleons and an even number of mesic prongs, which could be at- 
tributed to pf annihilation, but no certain assignment is yet possible. At this 
time approximately 220 annihilation stars have been observed and analyzed 
in photographic emulsions. There are also about 500 stars in propane (3) and 
50 in hydrogen (68) but their analysis is incomplete as yet. One hundred and 
twenty-seven of the photographic emulsion annihilations occurred at rest 
and 93 annihilations occurred in flight. A typical star is shown in Figure 7. 


\ 9. 


Fic. 7. An annihilation star (36) showing the particles as numbered. 
No. 1 2 3 4 5 6 7 
Identity p? = 1? p at H3(?) . 
T (Mev) 10 43 175 70 30 82 34 

Total visible energy 1300 Mev. Total energy release > 1400 Mev. 
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The fragments observed are 7 mesons, protons, light nuclei such as deuterons 
and a-particles, and sometimes, though rarely, K mesons. The maximum 
number of charged pions in a star thus far observed is six. The maximum 
number of charged nuclear particles thus far observed is 16. A distribution 
of the multiplicity of the charged pions is shown in Figure 8. 
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Fic. 8. Number of charged pions per annihilation star in photographic emulsions. 


Stars in flight give (Nx+)=2.29+0.28. Stars at rest give (N+) =2.50+0.26. These 
numbers are not corrected for scanning inefficiency (see text). From (35). 


The following discussion is concerned with the experimental information 
on the visible energy release. The energy available is: 2 m?+T—B=W, 


where T is the kinetic energy in the center of mass system and B the small 
(8 Mev) binding energy of the annihilating nucleon. In order to orient the 
reader on the apportioning of W, reference is made to Figures 10 and 11, 
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where the fraction of the visible energy going into pions, nucleons, or light 
nuclei is indicated. The few cases in which K mesons have been positively 
recognized are excluded from this figure. 

Looking more in detail one finds a spectrum of pion energy as in Figure 9 
with an average 7, =199+18 Mev for charged pions. For the pions coming 
to rest in the stack (JT, <100 Mev) it is also possible to determine the sign, 
and one finds a ratio of * to m~ of 0.45+0.1 (35). This number is smaller 
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Fic. 9. Distribution of the observed kinetic energy of charged pions emitted in 
annihilation stars in nuclear emulsions. The curves marked N,=4, etc. are energy 
distributions obtained by the statistical method on the hypothesis that the average 
number of pions emitted is 4, 5, etc. Note that the experimental results agree with an 
average number of pions emitted lying between 6 and 7. From (35). 


than one would expect on a naive view of the annihilation process which 
takes into account the #/# ratio in the nuclei and the conservation of isotopic 
spin (14, 92). It is, however, to be expected that this ratio is affected by the 
fact that the observations are limited to a low-energy region. 

At this point one might try to estimate the ratio of the energy carried 
away by charged pions to that carried away by neutral pions. Figures 10 and 
11 give a ratio of one to one for the energy carried away by all charged par- 
ticles to that carried away by neutral particles. Neutrons in secondary 
processes are known to carry away about twice as much energy as charged 
nuclear fragments; moreover the efficiency for detecting charged pions is 
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estimated to about 0.9. Correcting for these factors the best estimate of the 
ratio of the energy carried away by charged pions to that carried away by 
neutral pions is 1.8. 

It is now possible to calculate the average number of pions emitted per 
annihilation. The observed average charged pion multiplicity is 2.7+0.2 
pions per star. This figure contains a 10 per cent correction for scanning in- 
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(See Fig. 11 for caption.) 


efficiency. Assuming that equal numbers of pions of each charge are produced 
in average in the annihilation process (see later), the number of pions 
emitted should be 3/2X(2.7+0.2) or 4.0+0.3. To this number must be 
added the pions reabsorbed by the nucleus in which the annihilation oc- 
curred. Their energy is manifested by the nuclear fragments; they will be 
called ‘“‘converted pions.’’ The number of converted pions is approximately 
1.3, as can be inferred from the fact that the nuclear fragments carry away 
an energy corresponding to 1.3 times the average total energy of a pion. In 
this estimate the energy carried away by the visible nuclear fragments is 
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multiplied by a factor 2.6 in order to take into account the energy carried 
by neutrons. By this method one thus arrives at an estimate of the average 
total number of pions released on annihilation, N,, of 5.3+0.4. 

A similar result also is reached if it is assumed that in annihilation the 
neutral pions have the same energy spectrum as the charged ones. Dividing 
the total energy available on annihilation by the average energy per pion 
(observed 338 Mev) one obtains 5.8 +0.3 for the number of pions. This is to 





REST 


8 Evaporation Protons 
Q Knock-on Protons 
0 Pions 


i. 
my 


\ : 

| aI 
WK | 
| 

it | | 


ULE HH 
Fic. 11 
































































































































































































































\| 
tH 





Fic. 10 and 11. Visible energy in annihilation stars in photographic emulsions. 
Evaporation protons have T<30 Mev by definition. Knock on protons have T>30 
Mev by definition. W is the total energy of the antiproton at annihilation. Note that 
stars in flight compared with stars at rest have a larger fraction of the energy in 
nucleons. From (35) and private communication. 


be considered as an upper limit because the pions lose some energy before 
emerging from the nucleus and a better estimate is obtained by considering 
for each pion an average energy at formation of 360 Mev, and also the 
average energy going into K-mesons. With these corrections N,;=5.3+0.5. 

The great majority of the annihilations in photographic emulsions occur 
in complex nuclei, and if the annihilation occurred deep inside the nucleus, 
the escaping pions would traverse the nucleus. The mean free path of pions 
of an energy of 180 Mev in nuclear matter is estimated to be about 10" 
cm. [see (81)], i.e., small compared with the nuclear radius, and the escaping 
pions would be ‘‘converted"’ into nucleons. The fact that only about one in 
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six of the pions is converted suggests that the annihilation occurs in the very 
peripheral parts of the nuclei and that most of the resulting pions escape 
without hitting the nucleus. The large nuclear cross sections are also evidence 
for this interpretation. Additional support for it comes from the observation 
that the number of pions ‘‘converted” in annihilations of antiprotons in 
flight is larger by about one than in the annihilations at rest as shown in 
Figures 10 and 11. This effect is interpreted as due to the deeper penetration 
of the antiproton in flight into the nucleus, compared to the antiproton at 
rest. An estimate of the order of magnitude of the mean life of the antiproton 
in nuclear matter, based on these considerations, is ~2 K 10™ sec. 

No angular correlations of the annihilation pions have been observed 
thus far, although one could perhaps expect that the nucleus should project 
a shadow and thus the pions might have a tendency to stay in a hemisphere. 
However, a pion-pion interaction might counterbalance this effect and a 
clarification of these questions will possibly come from the study of # annihi- 
lation in hydrogen where the shadow effect is obviously absent. 

At the present time there are no separated examples of annihilations in 
different materials except for unanalyzed hydrogen stars. In propane some of 
the other stars are certainly due to carbon because they exhibit nucleons 
among their fragments, or have a balance of charge different from zero. Some 
might be due to pf annihilation but there is no proof that this is the case. 
For the stars produced by antiprotons coming to rest, there is a selective 
capture on the part of nuclei different from hydrogen similar to what occurs 
in the pion capture. The slowing down and capture of antiprotons are dis- 
cussed theoretically by Bethe & Hamilton (19). 

It is interesting to consider the possibility of ‘‘no prong”’ stars (95). 
They can be produced by charge exchange, in which the antiproton hits a 
proton and transforms into a neutron-antineutron pair, or by annihilation in- 
to neutral pions only. Both processes are rare and in photographic emulsions 
represent less than 1 per cent of the terminal events. 

K-mesons have been found among the annihilation products in 3.5+1.5 
per cent of the photographic stars, and it is estimated that they carry away 
an average 50+ 25 Mev per star. A-particles have also been found among the 
annihilation products. 

On the theoretical side electromagnetic annihilation will be discussed 
briefly: it is similar to the electron positron (44) annihilation, but has not 
yet been observed. This is not surprising because it competes very unfavor- 
ably against the mesic annihilation. For instance, Brown & Peshkin (26) 
calculate for the annihilation in flight in the nonrelativistic limit a cross 
section 





e \2 ¢ 
c=T ( ) — F(A) & 3.10-%/0 cm.? 23. 
me? v 


The factor F(A) takes into account the anomalous magnetic moment of the 
proton A and has the numerical value 38.5. On the other hand, the mesic 
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annihilation cross section is of the order of 10-%* cm.? The mixed annihilation, 
into y-rays and mesons, is also very improbable. It has been considered 
by Michel (86). 

For the purely mesic annihilation, the most important practically, many 
authors (1, 7, 8, 19, 56, 59, 69, 78) have established selection rules based on 
the conservation of angular momentum, parity, charge conjugation, and 
isotopic spin. It is possible to analyze the phenomenon with various degrees 
of detail. As an example, Table IX compiled by Lee and Yang and contain- 
ing the main results is reproduced. In general, a given state can produce dif- 
ferent numbers of pions; these numbers, however, are either all even or all 
odd. Thus, states of spin one produce only even numbers of pions. An inter- 
esting and exact consequence of charge independence concerns the average 
number of pions produced in annihilation of an antiproton on a proton and 
on a neutron, such as would be observed in annihilation against a nucleus 
containing the same number of neutrons and protons (55). We have then 


(N (r*)) + (N(x-)) = 2(N (3r°)). 24. 


Selection rules for the emission of K-particles on annihilation have also been 
considered by Goebel (59) and Gatto (56), and selection rules for the forma- 
tion of pions in nonannihilating collisions of antiprotons and nuclei have 
been given by Barshay (15) as previously mentioned. 

Apart from selection rules, repeated attempts have been made to apply 
Fermi’s statistical theory (14, 17, 49, 101) to the nucleon-antinucleon an- 
nihilation. Using the theory in its simplest form, disregarding conservation 
of angular momentum and K-meson production, one obtains the results on 
the multiplicity of the mesons given in Table X. 

The only arbitrary parameter entering in the calculation is the inter- 
action volume Q which is expressed in units of (4/32) (#/m,c)’. One would ex- 
pect that the volume 2 should be near one, because the interaction range 
between nucleon and antinucleon is expected to be close to the pion Compton 
wavelength. The fact that agreement with experiment is obtained instead 
for 2 close to 10 needs some explanation. One of the most interesting and 
convincing ideas put forward is due to Koba & Takeda (73). They consider 
the nucleon and antinucleon surrounded by the pion cloud: on annihilation 
the bare nucleons destroy each other very swiftly, in a time of the order of 
h/2mc?, giving rise to a meson multiplicity corresponding to a value of 2 
near one; but the mesons of the cloud at the moment of annihilation are also 
released, because the annihilation is a nonadiabatic process, with respect to 
the periods of the motions of the pions in the cloud which are of the order of 
h/E, where E, is the total energy of the pion in the cloud. E, is estimated to 
be approximately 350 Mev from the energy of the annihilation pions. The 
number of pions in the cloud is estimated to be 1.3 per nucleon or anti- 
nucleon. In the annihilation 2.6 pions in average are interpreted as coming 
from the cloud, the remainder are interpreted as coming from the core 
annihilations. The core annihilation is treated by the statistical method, 
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TABLE IX 
SELECTION RULES FOR Pt+p Nar orn G+n-Nr 
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X means strictly forbidden; — means forbidden so far as the isotopic spin is a good quantum num- 


ber. 
T =isotopic spin, C =charge conjugation operator, G is a quantum number of special interest in the 
case of systems of zero nucleons. It corresponds to the operator C e**T2 and for zero nucleons has the 


eigenvalues +1 as indicated in the table. 


TABLE IX—(Continued) 
SELECTION RuLEs ror P+n—Nr 
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TABLE Xa 


DISTRIBUTION OF PION MULTIPLICITIES, ACCORDING TO FERMI MODEL, FOR 
DIFFERENT INTERACTION VOLUMES (PRODUCTION OF K MEsons NEGLECTED). 








Probability for annihilation into N, pions (%) 





Nr 
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Average No. of pions N, 





TABLE Xb 


DISTRIBUTION OF PION AND K-MESON MULTIPLICITIES ACCORDING TO FERMI 
MODEL, FOR DIFFERENT INTERACTION VOLUMES 








| Probability for annihilation into N, 
pions and Nx K mesons (%) 
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and using for the volume Q the value 8/27, corresponding to a radius 
(2/3)(h/m,c) consistent with other values used in the calculation of cross 
sections, one obtains 2.2 pions on the average from the core annihilation. 
Thus, the total average multiplicity would be 4.8, to be compared with the 
experimental value 5.3+0.5. The hypothesis is developed further in order 
to obtain not only the average number of pions, but also the distribution 
among different multiplicities. Moreover, the number of K-mesons present 
in annihilation, which seems smaller than what is predicted by a straight- 
forward application of the statistical theory, agrees better with the Koba- 
Takeda mechanism. Even if the quantitative agreement with experiment is 
not perfect, the reviewer thinks that this theory has considerable merit. 

Other authors have stressed the many factors that could affect the an- 
nihilation process and are neglected in the statistical theory: such factors are 
the pion-pion interaction (63), the conservation of angular momentum, the 
relativistic conservation of the center of gravity (79), and other selection 
rules which might tend to suppress certain multiplicities. Indeed, it is ap- 
parent by considering the sensitivity of the results to some details of the cal- 
culation (17, 18) that the statistical method cannot reasonably be expected 
to give quantitative results, as was emphasized by Fermi himself. Adjust- 
ment of the parameter {2 might compensate for the crudeness of the approxi- 
mation. Intermediate theories such as that of Heisenberg and Landau, or 
modifications of the original Fermi theory introducing a temperature 
parameter (75, 107), have also been tried with improved agreement with 
experiment. Conservation of the J-spin combined with the statistical theory 
also gives predictions for the m~:a*:7° ratio (92). 

For the case of low multiplicities Bethe & Hamilton (19) have made a de- 
tailed analysis for capture in light elements, establishing in which states the 
capture must occur in order to give certain results. They consider also the 
“‘nuclear Auger effect.’’ An antiproton is captured in a light nucleus from an 
atomic orbit and goes into a nuclear orbit releasing energy which is taken up 
by a nuclear proton that is ejected in a way similar to that of the Auger 
electrons in x-ray phenomena. It is doubtful that this effect takes place to 
any appreciable extent, since annihilation is probably much faster and takes 
place before the Auger jump. 

An ingenious application of the K multiplicity to measure the spin of the 
K-meson has been made by Sandweiss (96). In the formulae for the K average 
multiplicity the statistical weight (2Jc-+1) of the K-meson appears and it 
should be possible to distinguish Jx =0 from Jx=1 or more. The average 
number of K-mesons per annihilation is very imperfectly known: the limits 
are from 1 to 4 per cent. In any case they point to spin 0 for the K-meson. 

Production.—The collisions in which antiprotons are produced are most 
probably either of the type : p+)-3p+ f or r-+p—p+n-+f, with all the 
variations compatible with charge conservation. In the observations up to 
now it is not known which of the two types of processes is most effective. Ex- 
perimentally there are only very uncertain data: some measurements have 
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given 38 X 10~*° cm.? ster.~! (Bev/c)“ per copper nucleus for the production 
in the forward direction at momentum of 1.2 Bev/c when the target is 
bombarded with 6.1 Bev. protons (2). 

A few comparisons between different targets show that for the same con- 
ditions protons are about as effective as carbon nuclei in producing anti- 
protons. Considering that the Fermi momentum should also enhance appre- 
ciably the production in carbon, the conclusion must be drawn that the 
nucleons in the carbon nucleus are very ineffective in giving antiprotons. 
The most natural explanation is the great absorption probability for anti- 
protons formed inside of the nucleus. 

Some calculations which take into account mainly phase-space factors 
in the p-nucleus collision giving rise to antinucleons are reported in (49) 
and give ¢ =0.6 X 10~*°(€/mc?)?/2 cm.? Near threshold the yield of antiprotons 
should grow as e’/?, where € is the center-of-mass energy above threshold, if 
they are formed by pn collisions, or as e*/? if they are formed by pp collision. 
The extra factor € in this case comes from the necessity of putting one of the 
outgoing protons in a p state. 

Attempts have been made to derive production cross sections near 
threshold from pion theory: Thorn (104) has for the reactions: (a) 
pb+p—p+3>p a cross section 1.4 107*9(f?/4m)4(€/mc?)*? cm.*, and for (bd) 
pt+n—-n+2p+p) a cross section 5.4 10~?9(f?/4a)4(€/mc?)7/? cm.? with 
f?/4m =15. Similar calculations by Fox (50) and McConnell (85) are based 
on an unlikely coupling. Calculations of some features of the production such 
as energy and angular distribution based on phase space considerations only 
are to be found in (33). 

More recently Barasenkov et al. (13) have treated the antinucleon pro- 
duction problem by the statistical method following the idea of Belenky 
which considers a virtual particle corresponding to a pion and nucleon in the 
J =3/2 T=3/2 state. They also introduce two Fermi volumes corresponding 
to the Compton wavelength of the pion or of the K-meson, and they assume 
that the volumes to be considered in production differ for various particles. 
With these hypotheses they compute probabilities of formation of groups 
of particles and antiparticles at 7 and 10 Bev. 

At extremely high energies (>10ev) the statistical method predicts the 
formation of 0.38(W’/me?)"/4 antiprotons in a nucleon-nucleon collision (W’ 
laboratory energy of incident nucleon) (49). 

Antineutrons.—The most convenient and up to now the only practical 
way of observing antineutrons is to obtain them from antiprotons by charge 
exchange and detect them by annihilation. This method of production was 
indicated immediately after the discovery of the antiproton (38) and first 
demonstrated experimentally by Cork, Lambertson, Piccioni & Wenzel (42) 
by a counter method in which an antiproton selected from a beam entered 
an absorber. No charged particle was seen to emerge from it, but an annihila- 
tion counter of the type described above showed an annihilation pulse. 
Similar experiments are reported in (30). The phenomenon is shown graph- 
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ically in Figure 12, which was taken with a propane bubble chamber (3). 
The antiproton, recognizable by the curvature and grain density of its 
track, comes to a sudden end because it loses its charge to a proton giving 





Fic. 12. An antiproton enters a propane bubble chamber, and at the point marked 
with the upper arrow undergoes charge exchange. The antineutron originates the 
annihilation star (lower arrow). Density of propane 0.42 gm. cm.~%, Real distance 
between charge exchange and origin of star 9.5 cm. TS at charge exchange ~50 Mev. 
From (3). 


rise to a neutron antineutron pair. The antineutron annihilates at the spot so 
marked, giving a typical annihilation star. 
It would be highly desirable to be able to detect the antineutrons formed 
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at the target of the Bevatron without having to form first antiprotons and 
then charge exchange them. The primary difficulty is the problem of recog- 
nizing the antineutrons in the neutral beam emerging from the Bevatron. 
An ingenious attempt in that direction has been made by Moyer and his co- 
workers (109) in trying to use antineutrons formed in a reaction: 


ptn=ptnt+ptn 25. 


in which the three nucleons on the right escape combined as a He? nucleus. 
The reaction is thus a two-body reaction with kinematics such that detection 
of the He?’ at a certain angle from the incoming beam assures the presence of 
the #7 at another angle. Thus a coincidence system, possibly refined by time 
of flight measurements, should locate the antineutron uniquely. Unfortu- 
nately, here also the probability of the three nucleons forming a He* nucleus 
is low. There are not yet definite experimental results. 

The charge exchange cross sections have been crudely measured and are 
indicated in Table V. Actually what has been measured is the integral of 
(do/dw), in the forward directions for which @<17° (laboratory); for pp 
10.9+5.8 mb/ster. was obtained by (30). Most of the charge exchange will 
deliver antineutrons in a narrow cone in the forward direction in the labora- 
tory, as in the wp charge exchange. Explicit theoretical calculations based 
on the Ball-Chew model are given in (53). 

The charge exchange for heavier nuclei has been also observed and there 
are indications (30) that at 500 Mev the charge exchange per nucleus does 
not vary greatly with A. This means, of course, that heavy nuclei are very 
inefficient as charge exchangers. Much of this result may be attributed to 
the large nucleon-antinucleon annihilation cross section which prevents the 
antiprotons from penetrating the nucleus, and gives rise to a shadow effect 
from the target. The antineutrons thus are only formed in grazing collisions 
with the rim of the target. If neutrons are concentrated on the surface of the 
nucleus, as is sometimes assumed, there is another reason for depressing 
charge exchange in heavy nuclei, because a fm collision may form anti- 
neutrons only if negative pions are emitted at the same time, a condition 
which certainly lowers the cross section. 

Antihyperons.—There also must be antihyperons and the threshold for 
their formation by pion-nucleon collisions and nucleon-nucleon collisions in 
Bev (16) is indicated in Table XI. 

Baldo-Ceolin & Prowse (11) have reported an event which might be inter- 
preted as a Ao formed by a 4.5 Bev negative pion on a nucleus. 

Antiprotons in cosmic rays.—A few possible antiprotons have been found 
in cosmic rays as mentioned above (6, 24, 25, 98, 103). A Bevatron event 
very similar in appearance to connected stars found in cosmic rays is re- 
ported in (65, 66). 

Amaldi has commented on the frequency of observation of antiprotons 
in emulsions exposed to cosmic rays. His conclusion is that there are more 
antiprotons, perhaps by a factor 1000, in cosmic rays than one would expect 
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from an estimate based on extrapolations of the Bevatron data (4). However, 
since the few examples known are doubtful the explanation of the difficulty 
might be simply found in the interpretation of the events. 

Fradkin (51) has considered the possibility of the presence of antiprotons 
in the primary cosmic radiation and its effect on the east west asymmetry. 
He concludes that there are less than 0.17 per cent antiprotons in the primary 
radiation. McConnell (85) has also estimated the possible abundance of 
antiprotons in cosmic rays on the basis of meson theory. Nucleon anti- 
nucleon annihilation also has been invoked to explain the high-energy Schein 
events (85). 

COSMOLOGICAL SPECULATIONS 


From the cosmological and astronomical point of view no direct tele- 
scopic observations can reveal antimatter. There are some unrealistic 
schemes, based on the helicity of neutrinos, which could in principle do it, 
but they are completely unfeasible at present. 

Burbridge & Hoyle (27, 28) have calculated a maximum ratio of antimat- 
ter to matter for our galaxy of ~10~’. They assume an average density of 
matter of 1 atom cm.~*, and they show that the presence of antimatter in 
concentration larger than 10~’ atoms cm.~* would give rise to larger kinetic 
and magnetic energy of the interstellar gas clouds, and to cosmic radiation 
of greater intensity, than observed. They calculate also an upper limit for the 
possible rate of addition of antinucleons to our galaxy g, and find an upper 
limit of g=3X10-” antinucleons cm.~ sec.—!. These would annihilate with a 
mean life of 3X10" sec., and about 0.1 of the annihilation energy would go 
into electrons. The upper limit of g would obtain if the energy of the turbu- 
lent motions of the clouds could be ascribed entirely to these electrons. 

The maximum value of g could be attained either by capture from an 
intergalactic medium or by a steady state production in an expanding uni- 
verse. If the upper limit of the concentration of antimatter (10~7 nucleons 
cm.~) is reached, the radio noise of the Crab Nebula in our galaxy could be 
accounted for by the annihilation. 

Outside of our galaxy the strong radio emission of Cygnus A and Messier 
87 could also be due to annihilation processes. Burbridge & Hoyle (29) have 
pointed out some quantitative coincidences between the energy emitted and 
what could be expected on annihilation. One would then have a single ex- 
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planation for the energy of agitation of interstellar clouds in our galaxy, for 
the radio emission of the Crab Nebula, and for the two extragalactic sources 
Cygnus A and M 87. 

In most cosmological speculations, both steady state and evolutionary, 
the conservation of nucleons and of leptons would require the simultaneous 
creation of matter and antimatter in equal amounts. This gives rise to the 
serious difficulty of a mechanism of separation of matter and antimatter, 
such as would be given by “antigravity.” As an example of a cosmogonic 
speculation in which antimatter plays a prominent role the reviewer mentions 
the ‘‘universon’’ of M. Goldhaber (62). 

The question of the gravitational behavior of antimatter can ultimately 
be resolved only by experiment. If the equivalence principle of general rela- 
tivity is strictly valid, then the antiparticles are subject to the same gravita- 
tional actions as a particle of the same inertial mass. The inertial mass of the 
antiparticles is equal, also in sign, to that of the corresponding particles as 
shown by the method used for isolating them, which measures directly e/m, 
by the conservation of charge which establishes the sign of e, and by the 
laws of electromagnetism. 

Even if we are willing to give up the equivalence principle and wish to 
speculate on “‘antigravity,”” namely, on the hypothesis that an antiparticle 
in a gravitational field be subject to the force opposite to that experienced 
by a particle, we meet a possible difficulty in the explanation of the behavior 
of a self-conjugate particle such as a photon, which is known to be subject to 
gravity. 

The equivalence principle could be attributed to the fact that all masses 
in our universe (earth, sun, our galaxy) are composed of ordinary matter 
and that the equivalence principle is violated only to an extent connected 
to the concentration of antimatter in our universe (88). It is clear that all 
these arguments are extremely speculative and that the existence of anti- 
gravity would inflict severe damage on the present structure of physics. 
Also there is no really strong reason in its favor: on the other hand, only 
direct experiment can decide the question. For instance, it seems likely that 
an Eétvés-type experiment of slightly greater accuracy would show whether 
or not the virtual positrons that arise from vacuum polarization in the 
Coulomb field of the nucleus possess ‘‘antigravity”’ (96a). 
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GAMMA-RAY SPECTROSCOPY BY DIRECT 
CRYSTAL DIFFRACTION? 


By JessE W. M. DuMonp 
California Institute of Technology, Pasadena, California 


BENT CRYSTAL SPECTROMETER 
IDEAL TRANSMISSION TYPE SPECTROMETER 


With the exception of certain early work with flat crystals by Rutherford 
& Andrade (1) and by Frilley (2), to date, crystal diffraction y-ray spectros- 
copy has been accomplished almost entirely by means of transmission-type 
spectrometers using bent quartz crystal focusing. In this type of instrument, 
whose first conception was published in 1930 by DuMond & Kirkpatrick 
(3), a thin cylindrical lamina of quartz of uniform thickness is bent so that 
its neutral plane, initially a right circular cylinder of radius 2R, assumes the 
form of a right circular cylinder of radius R.* (By the “neutral plane’’ is 
meant that plane through the center of the thickness of the crystalline 
lamina which undergoes neither compression nor elongation when bending 
occurs.) The lamina is cut from the original unstressed crystal lattice so that 
the planes to be used in the selective reflection are made to converge after 
bending in such fashion that, if prolonged, they would all intersect in a com- 
mon line distant 2R from the center of the lamina. Figure 1 illustrates the 
lamina, seen on edge, before and after bending, with lines indicating the 
direction of the atomic planes. These planes, after bending, converge in a 
line represented in projection by the point 8. Confining ourselves to two 
dimensions, the normal projection of the neutral plane and the point 6 define 
the ‘‘focal circle,” which is the locus of focal points R, for radiations of dif- 
ferent wavelength selectively reflected by the planes of the crystal in accord 
with Bragg’s law, »\=2d sin @. In Figure 1 the thickness and the aperture 
angle, a, are greatly exaggerated. Cauchois has pointed out that the com- 
pression and dilation of the lattice constant, incident to bending, result in 
front-to-back focusing as well as side-to-side focusing, within the confines of 
Hooke’s law, so that the crystal behaves as though all selective reflection 
occurred on the neutral plane. It can also be easily shown that for selective 
reflection in transmission by planes normal to the lamina, the correction to 


The survey of literature pertaining to this review was completed in March, 1958. 

All the work described herein was performed either under the auspices of the 
U. S. Atomic Energy Commission or under contracts supported by that agency. 

’ As pointed out in the original DuMond and Kirkpatrick article (3) there are, in 
fact, two possible types of bent crystal focusing spectrometers, the “transmission” 
and “reflection” types. This review will be concerned only with the transmission type, 
since it is the one which adapts itself to the short wavelengths and small Bragg angles 
encountered in y-ray spectroscopy. 
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Bragg’s law for crystalline refractive index differing from unity vanishes 
exactly. This is explained in more detail in Reference 6, p. 241. 











Fic. 1. Transmission-type bent crystal spectrometer, ideal perfectly focusing solution. 


SIMPLIFIED TRANSMISSION TYPE SPECTROMETER 


Cauchots arrangement.—Cauchois, in 1932 was the first to realize such a 
transmission spectrometer (for the study of x-ray spectra) in a simplified ap- 
proximate form (4), by starting with a flat lamina (mica) and bending it 
cylindrically to radius 2R (see Fig. 2). The focal circle is then of radius, R, 
tangent to the neutral axis of the bent crystal at its center. As a consequence 
a slight aberration of focus for rays reflected in regions of the crystal remote 
from its center occurs. This aberration can readily be kept negligible in y-ray 
studies. In the Cauchois focusing x-ray spectrometer the source of radiation 
is outside the focal circle. The radiation propagates through the crystal from 
the convex to the concave side and by selective reflection, therein, forms a 
spectrum of focused lines on a cylindrically bent photographic emulsion 
conforming to the focal circle. The converging beams of radiation used by 
the crystal have a virtual image point, V,, symmetrically situated on the 
focal circle relative to the real image point Ry, the arcs BR, and BV) being 
equal. 

DuMond arrangement.—lIf, in contrast to the foregoing, the source is 
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placed, in very concentrated form on the focal circle after the manner first 
introduced by DuMond (5, 6) for purposes of very short wavelength y-ray 
spectroscopy, each atom or nucleus in the source can emit its characteristic 
radiation into the solid aperture angle, a, of the crystal, and selective re- 
flection will occur throughout this entire solid angle if the source is situated 
at the correct position on the focal circle for the y-ray line in question. How- 








ga 


Fic. 2. Transmission-type bent crystal spectrometer, approximate solution of 
Cauchois. The aperture angle, a, of the crystal is greatly exaggerated to illustrate the 
geometry of the slight aberration of focus. 


ever in the Cauchois arrangement, with the source on the convex side of the 
crystal, selective reflection of a given wavelength can occur only within an 
extremely limited angular domain in the horizontal plane. The horizontal 
acceptance angle is of the order of the diffraction pattern width given by the 
Darwin dynamical theory or a few seconds of arc for the ‘‘perfect”’ crystals 
desirable in y-ray spectroscopy. Figure 3 shows these two ways of using the 
transmission type instrument. In the second way, with source on the focal 
circle, the instrument clearly becomes in reality a variable monochrometer. 
The source must be caused to explore the spectrum by scanning along the 
focal circle in small steps. This permits plotting a curve of reflected intensity 
as function of the sine of the Bragg angle; the profiles of the y-ray lines are 
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revealed as peaks of varying height.‘ In contrast to this the Cauchois arrange- 
ment has the admitted advantage that the lines are all formed simultane- 
ously; but it has the much graver difficulty, for the short wavelengths studied 
in y-ray spectroscopy, of shielding the photographic emulsion from the in- 
tense direct beam transmitted straight through the crystal lamina, a beam 
frequently thousands of times as intense as the selectively reflected spectrum 
under study. In the inverse arrangement, the direct beam can be suppressed 
and the selectively reflected beam accepted by means of a system of absorb- 
ing baffle plates disposed in a fan-shaped geometry which shall be called 


~ 
~ 
“= 











DETECTOR OF 
RADIATION 
ION CHAMBER OR 
COUNTER) 


ARRANGEMENT I ARRANGEMENT IL 





Fic. 3. Two ways of using the transmission-type bent crystal focusing spectrom- 
eter. Arrangement I is that of Cauchois with the source on the convex side of the 
crystal. Arrangement II is that of DuMond in which the source is placed in very con- 
centrated form on the focal circle and the instrument becomes a variable y-ray mono- 
chromator. II is the arrangement permitting study of the shortest wavelengths. 


“the collimator’ (see Fig. 3), although it has nothing to do with the line 
width and spectral resolving power of the instrument. The angular resolving 
power of the collimator, usually 30 to 50 times coarser than that of a good 
quartz crystal in first order selective reflection, merely determines the short- 
est wavelength that can be studied before leakage through its partitions and 
scattering of the direct beam on their surfaces ‘‘swamps”’ the selectively re- 
flected spectral lines with intolerable background intensity. In the Mark I 
‘y-ray spectrometer at the California Institute of Technology, spectral lines 
of quantum energy up to 1.3 Mev (a wavelength of about 9 milliangstroms) 
have been successfully recorded and measured this way. Collimators asserted 


* It should be noted that DuMond’s arrangement, in which the entire crystal is 
used simultaneously for reflecting every line, places much more stringent require- 
ments for focusing on the bent crystal than does the Cauchois arrangement in which, 
depending on how extended the source may be, only a limited region of crystal is 
used in forming each spectral line. For the technical methods followed to insure and to 
test for requisite focusing, the reader is referred to the literature (5, 6). 
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to have still higher geometrical resolving power are reported by a group at 
Chalk River (7, 8). 


DESIGN AND PERFORMANCE OF CALIFORNIA INSTITUTE 
OF TECHNOLOGY SPECTROMETER 


Several mechanical designs of crystal diffraction y-ray spectrometers are 
now in successful use, each adapted to different conditions of operation. In 
the Mark I, a mechanism is provided so that the source explores the spectrum 
by moving along the focal circle in steps of adjustable size (as small as 0.02 
mm. if desired, which corresponds to a wavelength shift of about 0.02 
milliangstrom). Simultaneously the focal circle and crystal rotate in small 
angular steps about a pivot at the center of the crystal in such a way as to 
maintain the outgoing reflected monochromatic beam of y-rays always in 
alignment with the fan-shaped array of collimator partitions. The mechan- 
ism designed to realize these kinematic relationships is schematically ex- 
plained in Figure 4, while Figure 5 is a line drawing of the instrument itself. 

The intensity of the monochromatic radiation emerging from the col- 
limator is measured with a large Nal(TI1) crystal and photomultiplier tube. 
An adjustable differential discriminator selects the y-ray pulses and rejects 
the accidentals from cosmic rays and from tube “‘noise.”” This discriminator, 
whose spectral resolving power is, of course, far coarser than that of the crys- 
tal diffraction spectrometer, must nevertheless be ‘‘tracked’’ so as to main- 
tain its setting sensibly peaked at the quantum energy of the monochromatic 
radiation under study in order not to falsify relative line intensities at dif- 
ferent wavelengths. A secondary but valuable use for this discriminator 
permits the determination of the order of the reflection of a given y-ray peak 
since peaks reflected in second or third order will have double or triple the 
quantum energy of first order peaks. 

The Mark I spectrometer permits reflection to be observed on the focal 
circle on both sides of the 8-point, and absolute determinations of wavelength 
are made by measuring the displacement between the two images. This 
eliminates errors from slight variations in positioning the source in its holder 
and also permits discrimination between asymmetries in line profile from 
(a) instrumental causes and (b) true spectral asymmetries from multiplet 
structure. The Mark I is provided with a “sine screw”’ drive on which, be- 
cause of Bragg’s law, the wavelength of each setting automatically appears 
on a linear scale. 

In the Mark I with a 2-mm. thick crystal using the (310) planes of quartz 
in first order, the y-ray line can be made somewhat less than 0.25 milliang- 
strom wide at half-maximum. This wavelength width is roughly independent 
of wavelength and corresponds to a change in Bragg angle of about 21 sec. 
of arc. With the Mark I instrument the W K aq x-ray line with a ‘‘natural”’ 
spectral breadth of 0.15 milliangstrom can be clearly recognized as broader 
than most nuclear y-ray lines. The many x-ray lines which are copiously 
emitted by the neutron-activated sources used in studies of y-ray spectra 
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Fic. 4. Illustrating in schematic plan view the kinematics of the Mark I spectro- 
meter. Upper and lower lever arms CR’ and Cf, somewhat over two meters long, swing 
about a common vertical axis at C. The source, R, in a shielded housing is free to 
travel on rails through a short displacement along the upper arm and is maintained 
on the focal circle by radius bar, OR, pivoted at O on the lower arm. The bent crystal 
at C and the lower arm are rigidly coupled together through a shaft passing through 
the bearing of the upper arm. As the spectrum is explored the upper arm swings in 
small angular steps twice as large as those of the lower arm so that the divergent beam 
of monochromatic y-rays selectively diffracted by the crystal always passes through 
the collimator channels in an invariable direction. This motion is imparted to the arms 
by a sine screw drive consisting of two precision lapped longitudinal screws geared 
together to turn at equal rates in the long carriage, Q,—the lower screw driving the 
long carriage relative to the pivoted track, T, and the upper screw driving the small 
carriage, L, through equal displacements relative to the long carriage, Q. The lower 
arm, C§, is provided on its outer end with a cylindrical steel shaft sliding in ball bear- 
ing guides running transversely to the axis of the long carriage, since the length of the 
altitude, CB, of the isosceles triangle, R’CV’, must vary. In this way the displacement 
of the pivot, R’, on the small carriage, L, away from the center point, B, of the long 
carriage, Q, as measured by the rotation of the upper precision screw gives a scale 
proportional to the sine of the Bragg angle and, therefore, proportional to the wave- 
length. One turn of the screw approximates quite closely 1 milliangstrom when the 
(310) planes of quartz are used. Settings can be made for selective reflection of the 
radiation from either side of the crystal planes. 


serve as extremely valuable means for calibrating the proportionality factor 
of that instrument’s linear wavelength scale with high precision. 

If AE is the full energy width of a y-ray line at half maximum and E£ its 
energy, then the resolution, AE/E, of the Mark I spectrometer is given by 
AE/E=0.3E-10-*. Experience has shown that an uncertainty of energy 
determination corresponding to 1/20 of this resolution or +10 ev, whichever 
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Fic. 5. A perspective line drawing of the Mark I spectrometer. Most of the com- 
ponents are designated with the same letters as are used in Figure 4 and they can be 
identified in this way. 


is the larger, can usually be safely assigned. The energy uncertainty from 
statistics of counting alone frequently can be made easily half of this or less. 
At 100 kev the foregoing rule gives for the resolution, AE/E=0.3 per cent 
and for the uncertainty of energy determination +og= +15 ev or 0.015 
per cent. 

Very intense sources, usually from tens of millicuries to curie levels of 
strength, are required in y-ray spectroscopy by crystal diffraction, and if the 
source is to be placed on the focal circle following DuMond’s arrangement 
the specific activity must also be high (of order 10 mc. per mg. or better) 
in order to have the requisite concentration on the focal circle. Lind (9, 10) 
has shown that the reflection coefficient of the quartz (310) planes varies in 
proportion to 2. Sources of the requisite specific and total intensity are easily 
obtainable by neutron irradiation in reactors affording neutron flux densities 
of order 10 n cm.~ sec.~! or higher. 


APPLICATIONS OF CRYSTAL DIFFRACTION Y-RAY SPECTROMETERS 


Crystal diffraction y-ray spectroscopy has shown itself to have the fol- 
lowing merits: (a) It affords a method of high absolute precision for the 
determination of y-ray wavelengths and quantum energies® (11) which has 


5 Recent least-squares evaluations (11) of the fundamental constants permit very 
accurate evaluation of the voltage wavelength conversion constant as follows: 


Ed, = (12397.67 + 0.22) X 10-8 ev cm. 
Ed, = 12372.44 + 0.16 kev x-units 
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been widely used for calibration of magnetic instruments. (b) Whenever 
suitably intense sources are available it is an excellent exploratory instru- 
ment yielding well resolved spectra, simple to intepret because of the absence 
of a multiplicity of peaks for each y-transition, such as are encountered in 
internal conversion electron spectra. (c) The combination of the crystal dif- 
fraction and magnetic spectrometers yields a most powerful tool for deter- 
mining conversion coefficients. For this it suffices to establish a single nor- 
malization factor between the intensity scales of the two instruments because 
the diffraction instrument measures the y-rays which have not been con- 
verted, while the magnetic instrument measures those that have. The two 
instruments also complement each other’s virtues and defects as regards 
sensitivity and resolving power in different ranges of energy. Largely for 
these reasons the Mark I instrument, since its inception and with the help 
of two companion magnetic instruments (12, 13), has served to determine 
the decay schemes of some 21 nuclear species [see (14 to 35)] and, in particu- 
lar, has played an important role in verifying with considerable precision the 
theoretical predictions of the ‘‘collective model’’ of the nucleus as worked 
out by the Copenhagen school of physicists under Aage Bohr. 

With the Mark I instrument the first spectrum of the annihilation radia- 
tion (from the recombination of positrons from Cu® with structure electrons) 
was observed and shown to consist of a quite sharp line of wavelength, 
h/(mec), slightly broadened by Doppler effect with a breadth and structure 
consistent with the momentum distribution of the structure electrons in the 
copper (15, 18). 

Neutron capture and other prompt y-rays in the range below 5 Mev have 
been studied with a crystal diffraction y-ray spectrometer at the Argonne 
National Laboratory (36). The source material is placed inside the CP-5 
liquid reactor in one of the horizontal straight-through holes in a region of 
high neutron flux density. This requires the source to be stationary and hence 
since the instrument is of the DuMond rather than the Cauchois type, the 
focusing bent crystal rotates to explore the spectrum while the entire collima- 
tor and heavily shielded detector system weighing over 12 tons also rotates 
to maintain its alignment with the selectively reflected y-ray beam at twice 
crystal speed, controlled very accurately by a mirror-and-light-beam servo- 
mechanism. The radius of curvature of the bent crystal and the source-to- 
crystal distance are each 7.7 m. The larger of the two crystal lamina used is 
30X30 cm. square and 4 mm. thick. The detector is a square array of 16 
Nal(T1) crystals each with its individual photomultiplier tube providing a 
sensitive volume 27X27 cm.? in area and 5 cm. deep. Source strengths of 
order 1000 c. are easily attainable under continuous activation. Instrumental 
full-line widths of 13.2 sec. of arc at half maximum for the 411.8 Kev line 
following decay of Au'** have been obtained and 50 or more lines from a 
gold source have been observed. In the case of some neutron-capture y-ray 
lines, full widths as narrow as 9 to 11 sec. of arc have been obtained. 
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Very recently, at the Livermore Radiation Laboratory of the University 
of California, spectra of so-called ‘‘Coulomb exited”’ y-rays from stable iso- 
topes have been successfully recorded with a photographic bent crystal dif- 
fraction spectrometer of the Cauchois type (37). Figure 6 is a photograph 
of the very simple spectrometer used in this work. (Its focussing crystal was 
prepared at the California Institute of Technology.) The A-48 proton linear 
accelerator was used, employing 25 to 30 ma of protons at 3.7 Mev ona 
continuously water-cooled target usually of copper upon which the target 





Fic. 6. Photographic quartz y-ray spectrometer of the Cauchois transmission 
variety with bent quartz crystal prepared at the California Institute of Technology 
for the use of the Livermore Radiation Laboratory group in the study of Coulomb- 
excited nuclear y-rays using the A-48 linear accelerator. The bent crystal in its stain- 
less steel clamping blocks (2 m. radius of curvature) is seen at the extreme right end. 
The curved plate holder is seen on the radius arm at left. 


material had been deposited by vaporization. Exposures of tens of hours were 
required. For the photographic emulsion in the spectrometer, a special 
technique with 600-u-thick nuclear emulsions mounted on 0.030 in.-thick 
glass was perfected. This is the first time that Coulomb-excited y-ray 
spectra have ever been resolved by crystalline diffraction and recorded. In- 
tense x-ray lines also appear in these spectra which serve to calibrate the 
wavelengths of the y-ray lines with high precision. To date the wavelengths 
of some 42 Coulomb-excited y-lines from 12 different elements have been 
recorded and measured. In addition 12 lines from 6 isotopes excited by 
(p, ny) and (p, py) reactions and six lines from three isotopes excited by 
deuteron beam activation have been recorded. Tables I A and B list some of 
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TABLE IA 





GAMMA-RAY WAVELENGTHS WITH BENT CRYSTAL SPECTROMETER ELECTROMAGNET- 


ICALLY EXCITED BY PROTON BOMBARDMENT WITH LIVERMORE 


Natural 
Isotopic Wave Length 





Isotope Abun- in Siegbahn 
dance in x-units 
Per Cent 
Sm! 26.8 101.54+0.03 
Sm154 a2 ..9 150.90 +0.02 
Gd155 14.7 206.09+0 
Gd!* 20.5 139 .06+0.03 
Gd? 15.7 226.84+0.02 
Gd8 24.9 155.61+0.02 
Gdi60 21.9 164.40+0.02 
Tb59 100 213 .36+0.02 
155.62+0.02 
Dy 18.9 282.30+0.02 
Dy'® 25.5 153.41+0.02 
Dy" (?) 25.0 168 .58+0.02 
Dy" 28.2 168 .58+0.02 
Ho! 100 150.65 +0.03 
112.55+0.03 
Er'66 33.4 153.55+0.02 
Er'67 (?) 22.9 157.43+0.02 
Er'68 27.8 155.04+0.02 
Er!70 (?) 14.9 155.99+0.02 
T'm!69 100 112.71+0.03 
104.71+0.04 
Yb! 14.3 185.43+0.02 
163.05+0.02 
Yb!72 21.8 157.21+0.02 
Yb!73 16.2 157.21+0.02 
Yb!74 31.8 161.81+0.02 
Yb!% (?) 12.7 150.65+0.02 
Lut 100 108.73+0.04 


.02 


Energy in Kev 


121.85+0.03 
81.99 +0.02 
60.03 +0.01 
88.97 +0.03 
54.54+0.01 
79.51+0.02 
75.26+0.01 


57.99 +0.01 
79.51+0.02* 
43.83+0.01 
80.65 +0.02 
73.39+0.01 
73.39+0.01 


94.70+0.02 
109.93 +0.03* 


109.77 +0.03* 
118.16+0.04 
66.72+0.01 
75 .88+0.01 
78.70+0.01 
78.70+0.01 
76.46+0.01 
82.13+0.02 


113.79+0.04 





* These y-rays are cascade transitions. 


60.1 


94.793 +0 .007 


Best Previous 
Value of 
Energy 


121.79 +0.03 
82 


88 .97 
ba 
79 
76 


+0.01 


58.0 
79 


116 


109.78 +0. 
118.20 +0.03 


66.7 
76 

78.7 
78. 
76. 


113.81 +0.02 


02 


A-48 ACCELERATOR 


Reference 


47 (cryst.) 
39 (scint.) 


40 paar ) 
32 (cryst.) 
41 (conv.) 
39 (scint.) 
39 (scint.) 
40 (conv.) 
39 (scint.) 
42 (scint.) 
40 (conv.) 


40 (conv.) 

43 43 (cryst.) ) 

44 (conv.) 
40 (conv.) 
40 bidding 


26 (cryst.) 
26 (cryst.) 
40 iin ' 

45 (p, p) 

40 (conv.) 
40 (conv.) 
40 (conv.) 


26 (cryst.) 
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TABLE IA (Continued) 














Natural 
Isotopic Wave Length Best Previous 
Isotope Abun- in Siegbahn Energy in Kev Value of Reference 
dance in x-units Energy 
Per Cent 
Hf! 5.2 140.04+0.03 88.35+0.02 88.6 40 (conv.) 
Hf!77 18.4 109.574+0.04 112.91+0.04 112 39 (scint.) 
Hft78 27.1 132.84+0.03 93.1440.02 93.3 40 (conv.) 
Hf!79 13.8 100.874+0.04 122.66+0.05 123 44 (conv.) 
Hf!80 35.3 132.62+0.03 93.294+0.02 93.3 46 (conv.) 
Ta! 100 90.89+0.04 136.12+0.06 136.25 +0.02 25 (cryst.) 
74.9240.05 165.15+0.11* 165 44 (conv.) 
Re! 37.1 98.74+0.04 125.30+0.05 125 44 (conv.) 
Re!8?7 62.9 92.194+0.04 134.20+0.06 135 44 (conv.) 





the wavelengths measured in this way. It is a great pity that the decision to 
dismantle the A-48 accelerator necessitates the interruption of this very pro- 
ductive work before the program can be completed because it is very un- 
likely that comparable data will or even can be obtained anywhere else for 
a long time to come. 

Crystal diffraction spectroscopy of short wavelengths by similar methods 
is being studied also at Chalk River Canada (7, 8, 38) and in the Soviet 
Union. To date no details of the Soviet workers’ results have become available 
to the author. A 2-m. bent quartz crystal spectrometer similar to the 
Mark I at the California Institute of Technology has been in operation at 
Chalk River for about two years. It has been used with marked success in 
conjunction with a double lens B-ray spectrometer to determine the internal 
conversion coefficients of y-rays in Pu”® (38) in order to study the interesting 
perturbations which these coefficients exhibit from the effect of finite nuclear 
size. 


TWO-(FLAT) CRYSTAL SPECTROMETER 


The Chalk River workers, however, anxious to develop a crystal dif- 
fraction instrument suited to higher energies for neutron capture y-spectra, 
have built a two-crystal spectrometer (utilizing thick flat crystals rather 
than the elastically bent quartz lamina heretofore described) which gives 
promise of great utility. In the bent crystal spectrometer the limitation on 
the thickness of the bent crystal slab is set by the breaking strength of the 
crystal. Even for the 7.7-m. radius of curvature in the Argonne Laboratory 
instrument, this requires a thickness much thinner than the optimum value 
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TABLE IB 





GAMMA-RAY WAVELENGTHS WITH BENT CRYSTAL SPECTROMETER RESULTING FROM 


NUCLEAR REACTIONS UNDER PROTON BOMBARDMENT WITH 
LIVERMORE A-48 ACCELERATOR 
































Bom- Wave Length one 
barded Reaction in Siegbahn Energy in Kev ,, Reference 
; Value of 
Element x-units E 
nergy 
Fluorine F?® (p, p’v) 112.61+0.04 109.87+0.04 109 48 (scint.) 
Titaniumt Ti*® (p, ny)V* 136.48+0.03 90.65+0.02 89+1 49 (scint.) 
198.63+0.02 62.29+0.01* 63+1 49 (scint.) 
Unknown 131.50+0.03 94.09+0.02 — —- 
Titaniumt Ti* (p, nv)V* 136.50+0.08 90.64+0.05 89+1 49 (scint.) 
198.64+0.02 62.28+0.01* 63+1 49 (scint.) 
Unknown 131.53+0.08  94.07+0.05 -= —- 
349.72+0.18 35.38+0.02 -= -—— 
Manganese Mn® (p, p’7) 98.30+0.04 125.874+0.05 125 44 (conv.) 
Nickel Ni® (p. p’y) 183.57+0.02 67.40+0.01 70 50 (scint.) 
Copper Cu® (p, my)Zn® 229.44+0.02 53.93+0.01 54 51 (conv.) 
202.17+0.02 61.20+0.01* 65 51 (conv.) 
107.50+0.04 115.09+0.04 119 51 (conv.) 
German- 
ium Ge® (p, p’y) 184.59+0.02 67.034+0.01 67.8 52 (scint.) 
Selenium Se* (p, ny) Br®® 333.95+0.06 37.05+0.01 37 53 (scint.) 





* Cascade y-ray. 
ft Plate No. 1. 
t Plate No. 2. 


to give the greatest reflected intensity, even for 1 Mev radiation. Further- 
more, a large bending radius implies a large scale for the instrument which 
in turn requires a huge and very expensive crystal slab, if one does not wish 
to sacrifice the useful solid angle into which the instrument accepts y-rays 
from the source. On the simple assumption that, at the very short wave- 
lengths of interest, the crystal always behaves like a mosaic crystal (an as- 
sumption which may, however, be somewhat oversimplified) Knowles (38) 
arrived at the conclusion that the optimum thickness of a calcite crystal 
for 1 Mev radiation (the thickness beyond which the attenuation by absorp- 
tion outweighs the benefit of increased reflecting power) is about 5 cm. if the 
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(211) planes of calcite are used for the reflection. Knowles, in fact, obtained 
a curve relating optimum thickness to energy [e.g., Fig. 12 (38)] which is the 
envelope of a family of curves, each giving the reflecting power of a crystal 
of fixed thickness as a function of the energy. Thus, he reasoned that in spite 
of the excessively small solid angles within which the two-crystal spectrome- 
ter will accept radiation from a source of y-rays, the possibility of using 
extremely thick flat crystals in such an instrument makes it an interesting 
and promising tool at higher quantum energies. 

In the study of neutron capture y-ray spectra, the source under study 
must, of course, be continuously activated. Since the Chalk River work- 
ers have access with their reactors to some of the highest neutron flux 
densities in the world, which are capable of maintaining source materials 
continuously activated to levels of order 10* c., the low solid-angular lumi- 
nosity of the two-crystal instrument has been no obstacle to its use by them. 
The source material is placed outside the reactor shield in an intense beam 
of emerging neutrons and the gamma-rays resulting from neutron capture 
in this sample pass through a collimator to the spectrometer in such a direc- 
tion that no direct radiation from the interior of the reactor can contribute 
harmful background. The two calcite crystals are furnished with three 
Sollar slit baffles, one between the source and the first crystal, the second 
between the first and second crystals, and the third between the second 
crystal and the detector (see Fig. 7). The entire system is mechanically 
mounted with two crystal pivots, one at a fixed point, the other on an 
arm so as to swing about the first, while the detector system swings on 
another arm about the second crystal pivot. Thus, the two crystals, the 
Soller baffles, and the heavily shielded detector are caused to rotate, as 
the spectrum is being explored, at the appropriate rates to maintain correct 
alignment with the singly reflected y-ray beam between the two crystals 
and the doubly reflected beam from the second crystal to the detector. This 
is accomplished by means of mirrors mounted above the crystals, employing 
a double optical lever servo-system similar in principle to the single one used 
in the Argonne spectrometer. The Chalk River physicists have been remark- 
ably successful in constructing parallel lead partition Soller baffles of very 
high angular resolving power, 45 sec. of arc only. This spectrometer has been 
used with two small 2in. X 1.5 in. (face) X 7/8 in.-thick calcite crystals to meas- 
ure slow neutron capture y-rays from a Ti radiator up to nearly 2 Mev witha 
resolution of 0.4 per.cent at 1 Mev (see Fig. 8). The resolution is determined 
by the crystal mosaic spread of roughly 3 sec. and the grating constant, 
d=3.03 A, of the (211) planes. If the (310) planes of a thick quartz crystal 
were used (for which d=1.18 A), Knowles asserts that a resolution of order 
0.04 per cent at 1 Mev would be achievable. Figure 11 (38) gives an interest- 
ing comparison of relative counting rates and sensitivities of flat two-crystal 
and bent crystal spectrometers. 

For the reader who may not be familiar with the principle of the two- 
crystal spectrometer, it may be helpful to explain that with crystals of high 
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Fic. 7. Schematic plan view of the Chalk River two-crystal y-ray spectrometer in 
anti-parallel setting. S is the source of radiation, (;, C2and C; are the Soller collim- 
ators. Q; and Q2 are the first and second calcite crystals respectively. At bottom the 
optical servo-mechanism which maintains the appropriate angular relationships be- 
tween crystals and collimators is shown schematically. This drawing is taken from 
Reference (38). 


perfection it affords enormous angular and spectral resolving power, and 
that this has nothing whatever to do with the angular resolving power of the 
collimator baffles. The latter, as in the bent crystal spectrometer, serve only 
to shield the detector from receiving radiation which has not been selectively 
reflected by the crystals. Considering the simplest case, if the reflecting 
planes of the two crystals have the same interplanar spacing and the baffle 
geometry is such that, for the wavelengths under study, the angles of inci- 
dence on the two crystals require reflection in the same order on both of 
them, then clearly only those beams which leave the first crystal at very 
close to the same glancing angle as the glancing angle with which they fall on 
the second crystal can be successively reflected at both crystals. This condi- 
tion, independent of baffle geometry, automatically selects a very sharply 
defined glancing angle of reflection at each crystal and simultaneously a 
wavelength also very sharply defined, related to that angle by Bragg’s law. 
For beams which lie in any plane normal to the acute dihedral angle, ¢, 
formed by the two sets of reflecting atomic crystal planes, the glancing 
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Fic. 8. Slow neutron capture y-ray spectrum from titanium obtained 
with the two-crystal instrument at Chalk River. 


angle, 0, selected by the two successive reflections is 92=¢/2. (For beams 
slightly oblique to this reference plane the glancing angle will be slightly 
smaller than ¢/2 so that a small correction for ‘‘cross fire’ is required.) The 
arrangement affords a monochromator of extremely high resolution. The 
spectrum is explored by varying the dihedral angle, ¢, between the crystals 
in very small steps and plotting the intensity of the doubly reflected beam 
as a function of the sine of 8=¢/2. The only angle which critically deter- 
mines the selected wavelength is the dihedral angle between the two sets of 
crystal planes. In the Chalk River spectrometer (Fig. 7) the radiation passes 
completely through the two crystal slabs and this has permitted a design 
of the instrument in a very simple way which permits deflecting the beam 
at each crystal reflection either in the clockwise or counter-clockwise 
sense. To obtain a monochromator the beam must be deflected in the same 
sense at both crystals (the so-called “antiparallel case’). 

Although the Chalk River report makes no explicit mention of this, 
there is an obvious advantage also in working with the so-called ‘parallel 
case’ in which the beam is deflected in opposite senses at the two successive 
crystal reflections. In this case the reflection only takes place when the two 
sets of crystal planes are strictly parallel to each other, and when this is 
true all wavelengths and directions of propagation in the beam within the 
angular limits permitted by the baffles are transmitted. The instrument in 
this arrangement no longer serves as a monochromator, but a study of the 
“rocking curve’’ obtained when the second crystal is deflected slightly from 
exact parallelism with the first gives exceedingly important information re- 
garding the angular and spectral resolution afforded by the two-crystal 
combination. This rocking curve, frequently only a few seconds of arc wide 
at half maximum height, is, in fact, the fold of the diffraction pattern of the 
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first crystal into the diffraction pattern of the second crystal. The parallel 
position rocking curve also serves as a valuable and very sharp datum from 
which to measure the rotation of the second crystal requisite to bring the 
latter into the antiparallel position for selective reflection. The second 
crystal must, in fact, be rotated through twice the Bragg angle, 6, to 
accomplish this. 

In summary it seems safe to conclude that where extremely intense y-ray 
sources are available (on the level of hundreds of curies) the two-crystal 
spectrometer promises to be a very useful tool. 


SUPPLEMENTARY INFORMATION 


After this manuscript was submitted to the editors the author learned of 
the existence in Sweden of three other crystal diffraction y-ray spectrometers. 
The first of these, a 2-m. focal length instrument with source on the focal 
circle, constructed by Ryde & Andersson at the Chalmers Institute, Goth- 
enburg (54), seems to have had, at least initially, certain mechanical defects 
or difficulties which rendered some of the earlier wavelength measurements 
made with it erroneous. 

The second instrument, the work of Beckman at Upsala (55), is a photo- 
graphic one of the Cauchois type, and, apart from the crystal and plate- 
holders, is the same as the one built by Ingelstam for his thesis on the x-ray 
spectra of the heavy elements (56). Ilford G-5 emulsions, 100 uw thick, are 
used. Good agreement as to wavelengths with those obtained in Pasadena 
with the Mark I is reported by Beckman. 

The third Swedish instrument has been built at Upsala by Bergvall 
and Axelsson under the supervision of Beckman and is of the DuMond type 
with source on the focal circle. It employs a sodium iodide scintillation crys- 
tal detector, and the angular rotation of the bent crystal between corre- 
sponding orders of reflection from the two sides of the crystal planes is meas- 
ured with a high precision divided circle, the same circle as that used earlier 
by Larsson (57) in Siegbahn’s ‘‘Tube-spectrometer’’ for precision x-ray 
measurements of the Bragg angle. Excellent agreement with the wavelength 
determinations made with the Mark I instrument at Pasadena is reported 
as the result of Bergvall’s measurements with this instrument. The superior- 
ity of the ‘‘method of imprisonment”’ over that of the “‘freely sprung’”’ crystal 
lamina, if the highest resolution is desired, seems to have been verified by 
these workers who have tried both methods. A paper describing this instru- 
ment has been prepared but is not yet published. The author is indebted to 
Pir Bergvall and Olof Beckman for privately communicating the above 
information. 
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CONCEPTUAL ADVANCES IN ACCELERATORS? 


By Davin L. Jupp 
Radiation Laboratory, University of California, Berkeley, California 


INTRODUCTION 


The most recent review of progress in accelerators (1) to appear in these 
volumes pertained to developments up to March, 1954. The level of activity 
in accelerator research and development between that time and the present 
has been very high, a fact illustrated by the recent bibliography by Behman 
(2), which covers the period from July, 1954 to June, 1957. This document 
has 153 pages and contains 716 references to the technical literature which 
represent the work of nearly a thousand authors. It also contains a useful 
tabulation of accelerator installations throughout the world, listing informa- 
tion on a total of 500 machines in use or under construction. This mass of 
information covers a great variety of topics which could scarcely be listed in 
these pages. The diversity of interests of the readers of these volumes is such 
that not even a restricted portion of this material can be reviewed in a way 
which will be both intelligible and useful to all. 

Present activity in accelerators consists of a tightly woven combination 
of invention, science, and technology. The rewards of past accelerator de- 
velopments have been so great as to stimulate inventiveness in many eager 
minds. The contributions of science and technology may be said to produce 
constraints on this inventiveness; science shows which new ideas are con- 
sistent with basic principles and indicates what goals are worth seeking, 
while the state of technology determines what it is practical to do and how 
much it will cost. As the size, complexity, and sophistication of these 
machines increases, it becomes less likely that any one individual will be 
able to conceive a new development, show it to be theoretically sound and 
likely to open a new scientific door, assess its technical feasibility, and esti- 
mate its cost, particularly in the domain of high-energy machines. Progress 
toward realizing such advances, therefore, requires the coordinated efforts 
of specialists in many diverse fields, which cannot be reviewed compactly. 
Nevertheless, the flow of new ideas constitutes the heart of our advance and 
forms a unifying thread which leads through the entire field of effort. It will, 
therefore, be the aim of the writer to present not a scholarly review but a dis- 
cursive account of the key ideas which are making possible the developments 
of today and tomorrow. This will require some mention of earlier work which 
precedes the period under review. The choice of material will be guided by 
the writer’s personal interests, and no attempt will be made at a complete 
coverage of the field. It is hoped that this account will serve to give to the 


' The survey of the literature pertaining to this review was completed in June, 
1958. 
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physicist who has not been concerned with accelerator design and develop- 
ment an awareness of some of the conceptual problems to which attention 
has recently been devoted by physicists who are trying to extend the capa- 
bilities of these machines. The corresponding range of technical and engineer- 
ing problems is so wide that a similar treatment of them within the pages of 
this article is not feasible. 

The problem of supplying helpful bibliographical information is difficult 
for several reasons. Space does not permit any attempt at completeness. 
Much of the work of greatest current interest is to be found in the several 
long series of unpublished technical reports issued by the rather large 
number of laboratories at which accelerators exist or are under construction 
or study. Unfortunately, the greater portion of these reports is not included 
in available bibliographies. Perhaps the best single recent source of both 
general and bibliographical information on high energy accelerators is the 
first volume of the Proceedings of the CERN Symposium on High-Energy 
Accelerators and Pion Physics (3) held at Geneva in 1956, which should cer- 
tainly be carefully studied by anyone with a serious interest in this field. A 
number of recent review articles, books, and bibliographies pertaining to 
various accelerator topics are also listed in the bibliography (4 to 11); several 
works of a general nature are listed in (2). In addition, a considerable number 
of references have been given which pertain to material in the text to follow. 
A thorough account of the development of present accelerators has been 
prepared by McMillan for the third volume of Experimental Nuclear Physics 
(12). Anencyclopedic coverage of current knowledge in the field of particle ac- 
celerators will soon be available in Volume 44 of the Handbuch der Physik 
(12a) which is now in press. This volume will contain comprehensive articles 
on all of the present types of accelerators; it will no doubt be a standard refer- 
ence work on this subject for many years to come. However, the writer is 
convinced that it will continue to be a difficult task for anyone who does not 
have access to the unpublished report literature to keep abreast of current 
activity in this field. For this reason the service performed by the staff of 
the CERN Laboratory in conducting the 1956 conference and in so promptly 
issuing its proceedings was of the greatest importance; it is to be hoped that 
another conference of the same type will be held in the near future. 


CONCEPTUAL ADVANCES IN HIGH-ENERGY ACCELERATORS 


CONCEPTS DEVELOPED BEFORE 1950 


Resonance accieration.—The first of these important ideas was of course 
the concept that a charged particle could be given a high final energy 
in many successive small increments. This principle of resonance accelera- 
tion, applied by Widerée to linear and by Lawrence to both linear and 
circular (cyclotron) geometries about 30 years ago, opened the door to 
the domain of energies beyond those of the single-push electrostatic ma- 
chines. However, it is worth remarking that just over half of all the accelera- 
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tors listed by Behman (2) are of this latter type; their many virtues and the 
extraordinary richness of the nuclear phenomena made available for study 
by their use have led to a steady increase in their numbers and to many 
improvements which continue to enlarge their capabilities in the low-energy 
domain. It will not be possible for us to consider these in the present review. 

The linear accelerator work of Widerée and of Lawrence was ahead of its 
time, but everyone knows how successful the cyclotron turned out to be. 
There are now about 50 cyclotrons of conventional type, of varying energies 
and other capabilities, distributed among about 15 countries around the 
world. The number of constant-frequency cyclotrons is likely to increase still 
further as a result of the conceptual advances to be described below. 

Cyclotron focusing and energy limitations—The next advance, with 
respect to cyclotrons, was the theoretical study of their energy limitations, 
which are intimately connected with the problem of focusing or control- 
ling the motions of the particles during their acceleration. The work of 
Bethe & Rose (13), Rose (14), and Wilson (15) in 1937-38 led to a clear 
picture of the conflicting requirements of orbit stability and higher energy. 
Stability against displacements out of the orbital plane (henceforth called 
the z direction) requires the magnetic field to decrease with increasing orbit 
radius, to secure the proper direction of curvature of the magnetic field lines, 
while high energies can only be attained if the particles continue to stay in 
step (i.e., in phase) with the constant frequency, w, of the accelerating 
voltage. This requires the magnetic field of induction B to increase with in- 
creasing radius so as to match the relativistic increase of the mass, m, so 
as to satisfy the equation w=eB/(mc)=constant (gaussian units). In 
terms of cylindrical polar coordinates, one may say that the requirements of 
focusing the particles in z and maintaining the proper rate of change of 
azimuthal angle, 6, were found to be incompatible, in the simple cyclotron 
geometry, for acceleration to even modestly relativistic energies. 

Phase compensation and Thomas focusing—The inventiveness re- 
quired to reach a partial solution of this dilemma appeared almost at 
once, in the work of Thomas (16) in 1938. He recognized that the simple 
symmetrical cyclotron geometry was only a very special case, so special 
as to put a much stronger constraint on controlling the particles than 
was necessary in more general configurations. By considering magnetic 
fields having only fourfold symmetry in azimuth, rather than complete 
rotational symmetry, he found that the functions of focusing in s and phase 
control in @ could be made independent, at least for slightly relativistic par- 
ticles. This objective is gained by the additional focusing in z caused by the 
successive passage of the particles through the wedge-shaped fields formed 
by alternating hills and valleys of the magnet poles. It was therefore possible 
to allow the azimuthally averaged field to rise with increasing radius so as 
to provide phase compensation for the relativistic mass increase, the de- 
focusing tendency being overbalanced by the wedge focusing. This work of 
Thomas had considerable generality in principle. He wrote down terms cor- 
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responding to what is now called alternating gradient focusing but discarded 
them as being small with respect to the averaged effect which is known as 
Thomas focusing. This concept was applicable to particles whose velocities, 
v, ranged well up toward that of light, but he calculated in terms of a power 
series in v/c, and retained only the lowest nontrivial powers, so that the 
energy limitation of this scheme could not be evaluated. He also considered 
multiple gap accelerating systems. 

Inductive acceleration.—This conceptual advance was so far ahead of the 
accelerator technology of its time that it did not receive experimental verifi- 
cation until 12 years later. In the intervening time two other new ways of ac- 
celerating particles into the relativistic range of speeds became available. The 
practical application of inductive acceleration to electrons in the betatron was 
accomplished by Kerst (17) in 1941, with the aid of the careful study of mag- 
netic focusing in radial distance, r, and in z made by Kerst & Serber (18). 
Their work portrayed the nature of this action so clearly that the resulting 
motions are now universally known as betatron oscillations, no matter in 
what magnetic accelerator they may occur. These motions, when small, were 
shown to be governed in azimuthally symmetric circular accelerators by the 
two linearized equations 


d?(r — R) a d*z 
ee + (1 — n)(r — R) = 0, — + nz = 0, 


de 

where »= —(r/B)(dB/dr) and is called the magnetic field index. R is the 
desired orbit radius and B is the magnetic field strength in the orbital plane; 
z is the displacement normal to the orbital plane and @ the azimuthal angle 
in this plane. Both displacements, r—R and 2, are seen to be sinusoidal if 
0 <n <1 and to have frequencies »,=(1—m)/* and v,=n"?, relative to the 
frequency of circulation, which are somewhat less than unity. By including 
in these equations those parameters, such as particle mass and velocity, 
which change slowly during acceleration, Kerst and Serber treated the slow 
changes in amplitude and energy of these oscillations called adiabatic damp- 
ing effects. These may produce a contracted beam of very small cross- 
sectional area at the final energy. Adiabatic damping is important in many 
accelerator processes and will be referred to again later on. Betatron accelera- 
tors have proved to be useful not only in research but also in industrial and 
medical applications, and their number continues to increase, 70 being 
listed in Behman’s tabulation referred to above. 

Phase stability—The most far-reaching and important new concept fol- 
lowing the original idea of repetitive or resonance acceleration was that of 
phase stability, discovered independently by Veksler (19) in 1944 and by Mc- 
Millan (20) in 1945. This principle completely divorces the problems of mag- 
netic focusing in r and zg from those of control in 0, that is, in phase relative to 
the alternating accelerating voltage. This principle is so well known that no 
description of it will be undertaken here. By making possible the frequency- 
modulated cyclotron, or synchrocyclotron (fixed field, variable frequency), 
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the electron synchrotron (fixed frequency, variable field), the proton syn- 
chrotron (variable field and frequency), and the microtron (fixed field and 
frequency), it enlarged the domain of what was practical to build by larger 
amounts and in more directions than any other single idea about accelerator 
possibilities up to that time. Its importance was quickly realized and ex- 
ploited by the construction of a number of these accelerators. There now 
exist about 25 frequency-modulated cyclotrons, 30 electron synchrotrons, 
and eight proton synchrotrons, including those under construction, operat- 
ing on this principle and using conventional magnetic focusing. An inter- 
esting review of contemporary microtrons, together with proposals for their 
application to the acceleration of large currents of both protons and electrons 
to energies in the billion electron volt range, has recently been presented by 
Roberts (21). 

Modern linear accelerators.—At about this time the application of reson- 
ance acceleration to linear accelerators, which had lain dormant since 
Lawrence’s early work, was revived because of wartime advances in tech- 
nology which made possible the production of large amounts of power 
at very high frequencies. The standing-wave type, applicable to protons 
and heavier ions, was first developed by Alvarez et al. (22). Utilizing a 
single long cylindrical resonant cavity with an axial electric field through 
which the particles pass, being shielded by drift tubes from opposing 
fields during half of each cycle, it contrasts with Lawrence’s early ver- 
sion consisting of more nearly lumped circuit elements driven through 
lines. Linear accelerators were shown by McMillan (23) to be subject to a 
limitation like that of cyclotrons, in that radial focusing and longitudinal 
or phase control are incompatible if each is due entirely to the resonant 
electromagnetic fields and no physical obstructions such as grids or foils 
are presented to the beam. The lifting of this limitation, which has also 
been accomplished by considering more general geometries of electric 
and magnetic fields, will be mentioned later. The number of heavy particle 
linear accelerators has been increasing rapidly and now stands at approxi- 
mately 15, including machines under construction. 

The same wartime technology which provided power supplies for these 
machines gave an impetus to the development of high-power klystron tubes 
operating at even higher frequencies which made possible the development 
of the electron linear accelerator, initiated by Hansen and carried on so 
successfully by the Stanford University group (24). In these machines micro- 
wave power is fed down a hollow waveguide which is loaded so that the phase 
velocity of waves is the same as that of the electrons passing through the 
guide. The particles may be thought of as being accelerated like surfboards 
on ocean waves. Although McMillan’s theorem applies here, the problem 
of radial focusing is almost nonexistent as a result of the shortening of the 
waveguide by Lorentz contraction as seen from an electron’s rest frame; 
this makes the relative aperture of the machine seem much larger, since the 
transverse dimensions are unchanged. To be specific, the radial spread of 
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particles increases only logarithmically along the guide. The variety of 
applications of energetic electron beams is illustrated by the listing by 
Behman of no less than 45 linear electron accelerators. 


LIMITATIONS ON ACCELERATORS AROUND 1950 


Let us now pause briefly to survey the limitations applying a few years 
ago to the various types of accelerators described thus far, before considering 
the more recent concepts which are removing some of these limitations and 
stimulating the various advances of today. 

The ordinary cyclotron was primarily limited as to particle energy, 
which can only be increased by using very large dee voltages so as to reduce 
the time of acceleration of a particle and, therefore, the time during which 
it can fall behind in phase. The dee voltage required varies roughly as the 
square of the desired energy. Because of the availability of the frequency 
modulation technique, it seemed uneconomical to push cyclotron proton 
energies much beyond 20 Mev. However, very high currents, up to milli- 
amperes, can be produced. The extraction of external beams has been a 
relatively inefficient process, with a large fraction of the circulating particles 
being lost. 

The frequency-modulated cyclotron is limited in energy chiefly by mag- 
net weight and cost, which vary roughly as the third power of the final 
momentum. It is not likely that the highest present proton energies of 
about 700 Mev will be exceeded by machines of this type,’ since proton 
synchrotrons are more economical for higher energies. There would also 
be some difficulty in extending the range of frequency modulation much 
further. The currents of these machines are in the microampere range be- 
cause the beam is pulsed; one group of particles is accelerated during each 
cycle of the frequency modulation. The number of particles per pulse de- 
pends on a variety of factors which do not allow an indefinite increase. 
Beam extraction for external experiments was also very inefficient until a 
few years ago. 

The energy of a betatron is limited to a few hundred Mev by radiation 
losses caused by the centripetal acceleration of the electrons. Its current 
has been restricted to the microampere range because it also produces a 
pulsed beam; the time between pulses is limited by the inductance of a 
large magnet. The number of particles per pulse is limited by space charge 
effects at injection and by the size of the accelerating chamber, which has 
a large influence on the cost. Since the electron beams were not usually 
extracted, only the gamma radiation was available for external experiments. 
Because injection in electron synchrotrons is similar to that in betatrons, 
and a pulsed magnet is also used, their currents are subject to similar limita- 
tions. External beams were also not available. However, the use of a ring 


2 See Reference (3), Proceedings of the CERN Symposium on High-Energy Accelera- 
tors and Pion Physics, 1 (1956). Thornton, R. L., 413-18; Mints, A. L. et al., 419-24. 
In following footnotes, this reference will be mentioned only as Ref. (3). 
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magnet and radiofrequency acceleration voltages changes the limiting 
energy appreciably. Much larger radiation losses can be compensated, and a 
given magnet weight can be distributed differently to contain electrons of 
much higher momentum. The economically reasonable upper energy is 
therefore much higher and is determined by the size of the accelerating 
chamber and the cost of radiofrequency power. The highest energy reached 
by a conventional electron synchrotron thus far is 1.2 Bev. 

The linear accelerators, both ion and electron, are limited in energy only 
by cost and complexity. Their currents are sharply pulsed, with average 
currents in the microampere range. The beams are, of course, automatically 
and completely extracted and may possess very small spreads in energy and 
angle. Proton linear accelerators suffered beam loss from foils or grids re- 
quired to produce radial focusing for particles whose axial motion was stable. 
The highest proton energy attained so far is 68 Mev. Plans for a proton ma- 
chine of this type at several hundred Mev were cancelled by the British 
group at Harwell because of the successful development of the regenerative 
deflector for frequency modulated cyclotrons, to be described below. An 
electron linear accelerator has reached 650 Mev, and plans for much higher 
energies will also be mentioned later. 

The energy limit of a standard proton synchrotron is primarily an 
economic question. The dominant factor is the relative aperture of the ac- 
celerating chamber required for satisfactory operation, since this fixes the 
size and weight of the magnet. A reasonable limit probably lies between 10 
and 15 Bev, the former for a conservative and the latter for a minimum 
aperture. Average currents are in the millimicroampere range and are 
limited by the magnet pulsing rate, the current available from the injector, 
and the efficiency of injection and capture. The extraction of a primary 
beam for external experiments is a matter of considerable difficulty, par- 
ticularly for some magnet geometries, and there are some interesting experi- 
ments for which much larger currents would be necessary or desirable. 

Of the various limitations mentioned above, the following either have 
already been made less stringent or removed, or can now in principle be 
eased: (a) energy limit and beam extraction efficiency of constant frequency 
cyclotrons; (b) beam extraction efficiency of frequency-modulated cyclo- 
trons; (c) beam current of betatrons and electron synchrotrons; (d) practical 
energy limit of electron synchrotrons; (e) beam extraction from betatrons 
and electron synchrotrons; (f) necessity of beam loss from foils or grids in 
ion linear accelerators; (g) energy limit of proton synchrotrons; (4) beam 
current of proton synchrotrons; and (7) beam extraction from proton syn- 
chrotrons. These improvements over what could be done around 1950 are 
the result of a group of new concepts which have been developed and applied 
since that time. 


RECENT CONCEPTUAL ADVANCES 


Alternating gradient focusing—A very important new concept which has 
had a powerful influence on accelerator developments is that of alternating 
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gradient focusing, first discovered by Christofilos (25) in 1949 and inde- 
pendently rediscovered and developed by Courant, Livingston & Snyder 
(26) in 1952. A brief review of this principle has been given in an earlier 
volume of this series by Blewett (1). Its simplest and most direct effect is to 
make possible the containment of particles having a given range of trans- 
verse momenta in a beam of much smaller transverse dimensions than is 
possible with conventional focusing forces whose strength is more or less 
uniform along the beam. However, the ramifications which follow from this 
effect have led to other possibilities for improving accelerators, to which 
this concept did not at first appear to be directly applicable. 

It is obvious that if a smaller aperture can be used in a ring magnet the 
same investment in magnet steel will provide a ring of larger radius to ac- 
commodate particles of higher momentum, so that the practical energy 
limits of electron and proton synchrotrons can clearly be raised as a result 
of this discovery. The exploitation of these possibilities has accounted for 
the largest part of the efforts of high-energy accelerator design and con- 
struction groups for the past several years. An account of the progress of 
these efforts will be deferred to a later section of this review. It is also clear 
that this same technique of stronger focusing may be used on linear ac- 
celerators (27) to remove the limitation mentioned above so that beam loss 
due to grids or foils may be eliminated. This procedure, first carried out on 
the proton linear accelerator at the University of California Radiation Labo- 
ratory in Berkeley (22) using electrostatic focusing, has now become a stand- 
ard part of the design of such machines, with magnetic focusing by quadru- 
poles inside the drift tubes being most commonly used. 

Momentum compaction.—One of the interesting effects associated with 
alternating gradient focusing in circular accelerators is a phenomenon which 
has come to be called momentum compaction. To understand it, consider 
first an ordinary accelerator magnet having rotational symmetry about its 
axis. If two particles having momenta p and p+dp are moving in circular 
orbits, their radii will be r and r+dr; dr and dp are related by Br/p=(B+dB) 
(r+dr)/(p+dp), or (1—n) (dr/r) =dp/p, where n is the field index defined 
above, corresponding to the radial field variation B« r~". The factor (1—7) 
may be called the momentum compaction factor, a, being large if a small 
radial aperture Ar is required to accommodate closed orbits having a given 
range of momentum Af, and vice versa. The use of this term is motivated by 
the observation that if this factor increases, the various orbits of different 
momenta become compressed together and lie more compactly in an annular 
region of smaller radial extent. 

Next let us consider the same problem in the magnet of a synchrotron 
with alternating gradients. The field strength along a particular circle of 
radius 7o is uniform in space but its radial gradient alternates regularly along 
the azimuth between very large negative and positive values (|m|>>1). A 
particle with the proper momentum fo may move in a circle of radius fo, 
but a particle with a slightly higher momentum po+dp can no longer have 
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a circular closed orbit. Because of the strong gradients, its closed orbit will 
consist of symmetrical short curved segments with alternating larger and 
smaller radii than ro. Its greatest displacements from 7o will occur in regions 
of positive radial field gradient, and vice versa, so that it passes on the 
average through regions of much greater field strength than at ro. Thus, 
the field which it sees corresponds to one of large positive gradient, or nega- 
tive », and the momentum compaction factor @ will be very large as com- 
pared with the simple magnet, in which 0<n<1 to ensure stability of 
betatron oscillations in both r and zs. One effect of this large momentum 
compaction in alternating gradient synchrotrons is to create a transition 
energy at which the phase stability vanishes. This phenomenon has been 
thoroughly investigated; it appears to create no serious problems, and a 
way of avoiding it altogether has been found by Vladimirski & Tarasov.’ 

Fixed field alternating gradient accelerators.—It is of greater interest 
to trace another line of development connected with momentum com- 
paction. It was observed in 1954 by Symon (28), working with the ac- 
celerator study group sponsored by the Midwest Universities Research 
Association (MURA), that the momentum compaction, which was large 
enough to contain momentum spreads Ap/p equal to many times the 
radial aperture Ar/r, might be used to contain all momenta between the 
initial value at injection and the final value after full acceleration, with- 
in a ring for which Ar was still much less than r. It would then no longer 
be necessary to pulse the magnet current in synchronism with the increasing 
energy of a batch of particles being accelerated, so as to keep the batch 
always near to the radius corresponding to a circular orbit; rather, the mag- 
netic field could be fixed in time while particles could be accelerated at a 
rate depending only on how rapidly energy could be supplied to them.‘ 
This conception of a fixed field alternating gradient accelerator (FFAG) 
has been exploited extensively by the MURA group (29). In addition to 
developing the basic idea outlined above, they have originated several other 
new concepts, conducted extensive theoretical and numerical studies of a 
variety of new types of accelerators, and constructed working models to 
test several features of these systems. It is interesting that one aspect of 
their thinking led them through a full circle back to the original work of 
Thomas mentioned above, which had meanwhile been given an experimental 
test at the University of California Radiation Laboratory in Berkeley (30) 
on two models of constant-frequency cyclotrons which accelerated electrons 
to semirelativistic energies. 

The removal of one limitation, that imposed on betatron currents by a 
very small duty cycle, with the FFAG technique has already been experi- 
mentally demonstrated by the MURA group. By providing more change of 


’ For a discussion of transition energy problems, see the several papers on this 
subject in Ref. (3), pp. 103-25. 

* Related suggestions have been made independently by Miyamoto, by Ohkaha, 
and by Snyder. See Ref. (3), pp. 32-33; Ref. (29), Footnote 2. 
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flux through the guiding magnet ring than is required to reach full energy, 
particles may reach a target steadily for a large fraction of the time, for 
example, one-fourth the time if twice the flux change needed for a single 
particle is available. The extra flux change can be provided since it is inde- 
pendent of the d.c. guide field. This duty cycle is so large compared to that 
of a conventional betatron as to indicate that currents might be increased 
a thousandfold or more. 

The principal endeavor of the MURA group has been to apply the FFAG 
concept to high-energy proton synchrotrons. This terminology may be 
confusing, though, since such a machine would perhaps be better described 
as a large frequency modulated cyclotron with a very large hole in the 
middle. Because the center or very low-energy part of the magnet is missing, 
particles must be accelerated by some other means to at least several Mev 
before being injected tangentially into the ring from the inside. Some of 
them would then be trapped into regions of phase stability and accelerated 
by frequency modulated voltages in the d.c. magnet as in a conventional 
frequency modulated cyclotron. However, the large momentum compaction, 
which makes possible the use of a relatively thin annular guiding magnet, 
will also (in most designs) produce a transition energy as in alternating 
gradient synchrotrons. The hope of accelerating very high currents is based 
on the idea that the repetition rate of the accelerating process may be made 
high, since it is governed by radiofrequency voltages and modulation rates 
rather than by feasible magnet pulsing rates as in proton synchrotrons. In 
this way one might hope to handle microamperes rather than millimicro- 
amperes of relativistic protons, and perhaps also much higher electron 
currents than in conventional electron synchrotrons. These possibilities will 
be studied on a 50 Mev electron FFAG machine now under construction 
at the MURA laboratory, and it is in the expectation of its success that one 
may say that synchrotron beam current limitations have been eased. 

Spiral ridge geometries—One can next raise the question whether an 
FFAG ring magnet guide field could be extended inward radially to the 
center, so that particles could be started from rest, as in the cyclotron, 
rather than injected at a finite initial energy. Conceptually, one would 
then have again a frequency modulated cyclotron, but with azimuthal 
variations in the magnet to produce the alternating gradients. The next 
logical step is to examine the possibility of adjusting the parameters so 
that the condition of isoschronism of all the orbits is restored, remov- 
ing the need for frequency modulation. In this way the MURA group 
made contact with the theory of Thomas, which applied only to slightly 
relativistic particles, and its extension to higher energies by McMillan 
and by Judd (31) which had led to the Berkeley ‘“‘clover-leaf’’ model cy- 
clotrons, as they were called. A large number of workers in many labora- 
tories have also considered these concepts during the last three or four 
years; some of the ideas and techniques of calculation involved have been 
independently suggested or worked out at several laboratories. No ade- 
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quately definitive review of all the problems of constant-frequency rela- 
tivistic cyclotrons and their treatment has yet been undertaken.’ It has 
been shown that the highest kinetic energy obtainable is probably limited 
by an unavoidable resonance effect at v,=2 (to be described later) to a value 
approximately equal to the rest energy of the particle. In order to reach 
energies in this range, it is necessary to spiral the ridges of the Thomas con- 
figuration described earlier, which has the effect of further enhancing the 
focusing in z. Spiral ridge geometries were first proposed and have been 
studied extensively by the MURA group (29, 32) asa possible form of FFAG 
ring magnet geometry allowing a reduction of the ring’s circumference. A 
detailed design study for a constant frequency spiral ridge proton cyclotron 
of energy between 800 and 900 Mev has been made, and a model electron ac- 
celerator constructed, by a group headed by Livingston (33) at the Oak 
Ridge National Laboratory, based on the theoretical work of Welton.® 
The application of spiral or radial ridge pole geometries to improve or 
extend the performance of more modest constant frequency cyclotrons has 
been studied extensively by a large number of accelerator groups both 
in this country and abroad,’ and has also been successfully applied to the 
Los Alamos cyclotron by Boyer.® 

The regenerative deflector—Thus far the newer concepts associated with 
easing all of the limitations mentioned above have been discussed, except 
those associated with the extraction of beams. Some of the most interesting 
of the presently available techniques are closely related historically to early 
attempts to understand and facilitate the inverse problem of injection into 
betatrons and synchrotrons. In 1949 Davis & Langmuir (34) pointed 
out that azimuthal variations in the magnetic field gradients of these 
machines could be arranged so as to damp quickly radial betatron oscillations 
of some of the injected particles, which would help them avoid hitting 
the injector structure. They noticed that in some cases the oscillations 
which were damped would grow again. In a general study of these ef- 
fects, it was found by Judd (35) that this growth was a universal feature 


5 The interested reader may gain some impression of this work by referring to 
bibliography items 368, 379, 392, and 412 of Ref. (2); to Ref. (3), pp. 9-25, 59, 547- 
51; and to Ref. (29, 30, 33). 

® See Ref. (33), pp. 63-117, 187-210c. 

7 Among these laboratories are the University of California at Los Angeles, the 
University of California Radiation Laboratory, the Universities of Colorado, Florida, 
Illinois and Michigan, Michigan State University, and the Oak Ridge National Labo- 
ratory, in the United States; in Europe, the writer has heard of interest in these pos- 
sibilities at Harwell in England, at Saclay in France, in Holland, and at Zurich. In 
some cases the use of frequency modulation is also contemplated. Several groups 
are planning to accelerate a variety of heavier ions, and to provide for a continuous 
variation of particle energy by changing the magnetic field strength and the frequency 
of the accelerating voltage, as has already been done on the conventional cyclotron 
at the University of California Radiation Laboratory at Livermore. 
® Boyer, K., Los Alamos Scientific Laboratory, New Mexico (Unpublished work). 
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of such perturbations, associated with conservation of particle density 
in phase space; it could only be eliminated by rapidly removing the per- 
turbations after they had done their work. The inverse effect, applying 
to beam extraction, was proposed by Tuck & Teng (36, 37), who con- 
sidered its application to frequency modulated cyclotrons and christened 
it the regenerative deflector. The theory has been developed by LeCou- 
teur (38) and has been successfully applied to several large accelerators 
of this type. The time variation in these machines is supplied by the ac- 
celerating voltage which moves the beam outward in radius into the de- 
sired region. The action of the magnetic perturbations can be simply 
described as pulling the frequency of a betatron oscillation (usually the 
radial one) toward the nearest field-error resonance value and at the same 
time supplying the necessary “‘error’’ to cause the resonant growth of ampli- 
tude which one normally attempts to avoid during acceleration. The prin- 
ciple can also be applied to synchrotrons, both conventional and alternating 
gradient,® but the field variations must then be pulsed at the proper time. 
By this means electron beams have been extracted from several accelerators. 
A study of the application of this principle to constant frequency cyclotrons 
has been made by Rogers (39), and the several groups now designing Thomas 
or spiral ridge machines will attempt to apply it. Experience with model 
electron cyclotrons of this type (30) suggests that the beam may be some- 
what easier to bring out than in the older symmetrical machines. The applica- 
tion of the concept to the problem of transferring a beam from one accelera- 
tor to another or into a ‘“‘storage’’ magnet has also received attention (40, 
41). 

An entirely different method for generating an external beam from a 
proton synchrotron, based on a sudden change of energy due to traversal of 
a special target, has been proposed by Wright (42) and by Piccioni et al. 
(43); it has been successfully installed on the Brookhaven National Lab- 
oratory Cosmotron.’ Its application to the CERN alternating gradient syn- 
chrotron has been carefully considered and is felt to be feasible." 


PHASE SPACE CONCEPTS APPLIED TO ACCELERATOR 
PROBLEMS 


Having now touched on those new concepts which are making it possible 
to ease or remove the limitations on the earlier types of accelerators, the 
writer feels that it is important to point out the increasing application of a 
very old concept to many types of problems that arise in dealing with groups 
of particles. This is the concept of the ‘‘density of particles in phase space,” 
to which the theorem of Liouville applies, provided that the forces acting on 
the particles are derived from a Hamiltonian function. It is not necessary to 
advertise the utility of the general and elegant methods of classical mechanics 


® See Ref. (3). Vladimirski, V. V., et al., pp. 133-36. 
© See Ref. (3). Collins, G. B., pp. 129-32. 
"4 See Ref. (3). Citron, A., pp. 137-38. 
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for dealing with systems of large numbers of particles; this constitutes the 
subject matter of statistical mechanics. It is interesting, however, to point 
out that new insights and valuable calculational techniques are being gained 
by their application to relatively simple acceleration and beam-handling 
situations. It is not necessary to be well versed in the general theory in 
order to gain a clear appreciation of how the concepts of phase space can 
be brought to bear on these problems. 


Basic THEORY 


For the benefit of the reader who needs a brief review of Hamiltonian 
mechanics, the essential concepts will next be summarized. Consider 
a group of identical noninteracting particles, moving under the influ- 
ence of external forces. Let the coordinates of a particle be denoted by 


Mi, 92, °° *, Qn» The system consisting of this particle and the external 
forces is said to be Hamiltonian if there exists a Hamiltonian function 
H(q, 92, ° * * 5 Gni Pi, Po, * + *» Pn; t) depending on the coordinates q;, the 


canonically conjugate momenta #;, and (possibly) the time ¢, such that the 
equations of motion of the particle (Hamilton’s equations) are: 


Gi = dq;/di = 0H/dpi, #=1,2,---,n, 
bi = dp;/dt = — 0H/dqi, t= 1,2,---, mn, 
H = dH/dt = dH /at. 


(If H does not contain the time explicitly it is a constant of the motion, 
equal to the total energy of the particle. One may regard the canonical 
momentum /; conjugate to the coordinate g; as being defined implicitly in 
terms of dq;/dt, the other g’s and p’s, and #, by the first of these equations.) 
Next let us consider the particle to be represented by a point in the 2m-dimen- 
sional phase space whose coordinates are the qg’s and p’s. The point will 
in general move about in this space. Now suppose each of the many particles 
to be simultaneously represented in this way. This swarm of points is to be 
thought of as a group of elements of a fluid, such as molecules of a gas in 
ordinary space. Liouville’s Theorem then states that these points can not 
move like a gas but are constrained to behave as an incompressible fluid; 
the number of points per unit volume in the neighborhood of a given point 
may not change with time, although the neighborhood and the points in it 
may move about in phase space and vary in shape. The proof is extremely 
simple. The g; and p; are the 2m components of the velocity up of a point P 
in the phase space: the divergence of the flow is 

n , 5. n 2 2 

oa 4. OP) (—— “-) = 0, 
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i=l 
and hence there can be no sources or sinks of fluid density. Stated differently, 
the co-moving derivative of particle density in phase space must vanish. 


When stated and proved in this simple way, the theorem may seem at 
first sight to be so obvious and general as to be devoid of physical content. 
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It is true its utility rests on finding a Hamilton function for the system (if 
one exists), or, that is, a set of coordinates and momenta for which the 
theorem is true. However, in a great many situations of practical interest, 
this task is simple, while in others it is easy to show that none exists, so that 
there are no q’s and ’s for which the density in phase space is conserved. 
Two simple examples may be helpful here. First, the small betatron oscilla- 
tions of a particle in a circular accelerator are approximately simple har- 
monic; considering only one coordinate g;=z, the Hamiltonian of a simple 
harmonic oscillator is H=p,2/(2m)+k2?/2; the equations of motion are 
2=p,/m, pe= —kz (corresponding to m?+kz=0). From the first of these we 
see that pb. =z, as one would expect for a momentum. If the mass m and 
the ‘‘spring constant’”’ & are constant, H is also constant, and each particle 
moves on an ellipse in the two-dimensional phase space. Because all particles 
have the same period, those particles which are initially neighbors (either on 
adjacent ellipses or spaced along a single ellipse) will forever remain neigh- 
bors, their density in phase space being constant. However, the theorem also 
tells us that even if m or k is made to vary explicitly in any manner with the 
time, so that the paths are no longer ellipses and the Hamiltonian is no longer 
constant, the conservation of density in phase space will still be maintained. 
For example, a slow steady increase in k will decrease the g-axis of any 
ellipse (adiabatic damping of amplitude) but will also necessarily increase 
its p-axis (‘‘heating’’ by compression), since if this were not so the number 
of points inside this ellipse would remain constant while the (two-dimen- 
sional) volume available to them would decrease, thus increasing the 
density at least somewhere inside and violating the theorem. (Note that 
the result is independent of whether or not there are any points which 
actually populate this space.) 

Next let us consider the effects on this oscillating particle of radiative 
damping due to the acceleration of charge. The radiation reaction force will 
also cause a slow decrease of the g-axis of a particle’s ellipse, corresponding to 
amplitude damping. However, in this circumstance the p-axis will also de- 
crease, because the maximum kinetic energy of the particle is also decreased 
by the amount of energy given up to radiation. Particles with more energy, 
moving on larger ellipses, will radiate more rapidly, even relatively, than 
those on smaller ellipses, so that the ellipses will converge, increasing the 
density of representative points everywhere. It is impossible to construct a 
Hamiltonian representing this state of affairs because of the way in which 
the radiation reaction force depends on and its derivatives. 

Before applying phase space arguments to accelerator problems, it is use- 
ful to remember that some general classes of systems are known to be Hamil- 
tonian, no matter how complicated they may be, while others are known to 
be non-Hamiltonian, no matter how simple. Any system of external macro- 
scopic electric and magnetic fields acting on charged particles is Hamil- 
tonian, if radiation effects are neglected, while no system involving scatter- 
ing and ionization loss from fixed targets or electromagnetic radiation from 
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accelerated charges can be Hamiltonian.“ It may also be noted that one 
need not always use three spatial coordinates for a particle. If the Hamil- 
tonian separates into a sum of terms each involving only one or two p,q 
pairs, the motions in the restricted two- or four-dimensional phase spaces 
are independent and may be treated separately. In fact, the coordinates need 
not even refer to spatial position and the independent variable need not be 
the time; any Hamiltonian function of pairs of variables provides a theorem 
of conservation of density in its phase space.“ 


APPLICATIONS TO ELECTRON AND ION OPTICs 


It is frequently possible to get useful information by making approxi- 
mations such as neglecting physical effects which make a system non- 
Hamiltonian, or neglecting small coupling effects (which, if included, 
would destroy the separability of the Hamiltonian) in order to deal with 
a phase space of lower dimensionality. In our first example we will consider 
this latter case, applying it to the motion in local x and y coordinates of 
a beam of nearly monoenergetic charged particles whose motion is pre- 
dominantly in a direction perpendicular to these coordinates. The beam 
is to be considered as analogous to a pencil of light rays, since it can be 
bent, focused, and dispersed by any combinations of electric and mag- 
netic fields (which replace the lenses and prisms of optics) on its way from 
some source to another piece of apparatus into which it is to be directed. 
This beam is characterized, at any value of distance along the “optic 
axis,’’ which we call z (although it may not be rectilinear), by the ‘‘vol- 
ume’”’ it occupies in the four-dimensional phase space having coordinates 
x, ¥, Pz and p,. (Motion in the z direction of these locally orthogonal curvilin- 
ear coordinates may be neglected if we assume that the particles have 
a nearly uniform drift velocity component in this direction which is un- 
affected by small transverse displacements and velocities. This approxi- 
mation is equivalent to that of treating paraxial rays in geometrical optics.) 
The limits of the beam in x and y are its geometrical cross-sectional dimen- 
sions, while the limits in ~, and p, are determined by the largest angles az 
and a, between any of the trajectories and the z axis; p,™*=a,™*p,, 
py@*=a,™*p,, and p, is nearly a constant for the beam. The density of 
representative points in this space depends on the distribution of density in 
x, Y, @, and a, which occur at the value of z in question. For example, 


“% We neglect the theoretical possibility of including in the Hamiltonian the 
coordinates and momenta of all the particles in the target or the infinite number of 
“coordinates” and “momenta” of the electromagnetic field, since this is usually not 
practical in accelerator problems. We also neglect forces between the particles in 
our description here. Systems with nonnegligible interparticle forces, such as those 
involving self-consistent fields and orbits, are also Hamiltonian but have a more 
complicated interpretation. 

18 For example, see (4), Appendix B (Courant, E. D., and Snyder, H. S., Annals 
of Physics). \n following footnotes, this reference will be referred to only as Ref. (4). 
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if the particles are diverging in a field-free region from a point source at 
z=0, their paths are straight lines, and there is a perfect correlation between 
x and pz, for example; x =a,2, p2 =azp, and a; is a constant for each particle. 
Such a beam lies entirely on a two-dimensional surface, where the density 
is singular. Considering only x and ;, the points lie along a straight line in 
this phase plane. Liouville’s Theorem then tells us that in principle no sys- 
tem of forces downstream can spread the points out to lie on a finite area 
of the plane. The line may be bent, rotated, distorted, made to lie along the 
p-axis (point image of the point source) or along the x-axis (parallel beam) 
but it will always remain a line, with the same number of points per unit 
length. (The rather obvious departure from this ideal behavior in practice 
is due entirely to aberrations whose consideration invalidates the assumption 
that the behavior in z and p, may be regarded as independent of and un- 
coupled from the transverse degrees of freedom.) As another example, 
particles emanating from a diffuse source, such as a hot filament or ionized 
gas, will have a continuous distribution in x, p,, etc., and will fill the occu- 
pied part of phase space with a finite density. Then, by Liouville’s Theorem, 
no conceivable system of external forces downstream can bring them to a 
point focus, a parallel beam, or to any other configuration occupying a lesser 
volume of the phase space. However, it may in principle displace and distort 
the shape of this volume in any way. These simple examples are closely re- 
lated to a well-known intensity theorem in optics, the connection being 
through the analogy between optics and mechanics which guided Hamilton 
in his famous work. 

Suppose that an injector emits a beam of large angular spread through 
a small hole. It may be desired to insert the beam into an accelerator with 
a large aperture in which only small angular spreads can be accepted be- 
cause of weak focusing. The phase space occupied by the emitted beam has 
come to be called the “‘emittance,”’ while the phase space accepted by the 
accelerator is called the ‘‘acceptance”’ or “‘admittance.’”’ (The units of these 
quantities are sometimes altered by dividing by the constant momentum 
p:, leaving centimeter-radians, for each transverse degree of freedom.) If 
the emittance is greater than the acceptance, some beam will inevitably be 
lost in the transfer. If it is less, some empty phase space will be left inside 
the accelerator aperture. By examining the shapes of the occupied regions 
at emission and acceptance one may see what type of volume-conserving 
distortions by focusing elements must occur between them, and determine 
the field configurations that will be required to achieve these changes in 
practice. Problems involving energy spreads involve all three spatial dimen- 
sions, but useful guidance can be gained from a similar approach. Many 
workers have used these concepts in designing injection systems for a variety 
of accelerators.“ They are also useful in considering the problems of trans- 


4 For example, see Ref. (3), Hereward, H. G., et al., pp. 179-91; Bruck, H., et al., 
pp. 200-4, 
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ferring beams of particles from one accelerator to another (40, 41, 44, 45), in 
determining aperture requirements in alternating gradient focusing de- 
vices, and in studying the action of deflecting and extracting systems de- 
pending on resonant excitation effects.* Many of these calculations employ 
a simple technique of matrix multiplications in which conservation of phase 
space density is implied by the use of matrices of determinant unity.” 

A phase-space calculation can place an upper limit on the number of 
particles which may be accommodated in an accelerator by multi-turn in- 
jection from an injector with given current, energy spread, and transverse 
distribution, or on the number of particles which it may retain, after acceler- 
ation, in a space of given dimensions (46). Of course, the practical problem 
always remains of how closely such upper limits may be approached; this 
is determined by aberrations, imperfections in programming the course of 
events, scattering, and other neglected processes, which in general will dilute 
the population in phase space or will “stir” into it regions which are empty 
or more thinly populated with representative points than was the phase 
space of the original source of particles. In some applications it is useful to 
consider the flux, or flow, of transverse phase space through the system. 
Because the points which populate this space behave as elements of an in- 
compressible fluid, this flow is like that of such a fluid; the volume of phase 
space passing a given point per unit time must be the same at all points 
during any kind of steady state operation on beams of particles. 


APPLICATIONS TO RADIOFREQUENCY ACCELERATION 


One of the most interesting applications of these phase space concepts 
refers to radiofrequency acceleration of particles and has been extensively 
developed by members of the MURA group.'® The principle of phase sta- 
bility, referred to earlier, states that if a particle repetitively traverses an 
accelerating gap across which an alternating voltage is impressed, whose 
frequency Wrz is nearly that of the traversals (or an integral multiple of it), 
then there is some interval between the phase of crossing and a reference 
phase of the alternating voltage for which the particle motion is stable, in 
the sense that particles having other phases near to the stable one will 
undergo oscillations in phase and energy about the stable value. It is 
pedagogically unfortunate that the same word “‘phase’”’ is used in this con- 


4 For example, see Ref. (4), p. 11-12, Section 3(b). 

‘6 For example, Ref. (3). Cohen, S., and Crew, A. V., pp. 140-47. 

17 Considerably more is implied for systems with two or more coordinates. For a 
general treatment see Ref. (4), p. 30. 

18 See Ref. (3). Symon, K. M., and Sessler, A. M., pp. 44-58. This paper contains 
several phase space drawings of the type to be discussed below which illustrate some 
of the many situations of interest that may arise. The reader who is unfamiliar with 
phase space diagrams of phase stability will find it helpful to refer to these drawings 
in connection with the discussion to follow, which is necessarily concise because of 
space limitations. 
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nection but has nothing to do with the ‘‘phase space”’ of classical mechanics 
discussed above; here it refers to a phase angle @, defined in terms of the 
radiofrequency gap voltage Vo sin (/w;rdt-+-) at the time a particle having 
the phase @ crosses the gap. Simplified equations governing acceleration 
and phase stability may be written by neglecting transverse motions of 
the particles, as follows: 


dE/dt = (2n)'(E)eVo sin ( f oul +6), 


dp/dt = w(E) — wrt. 


Here (27) w is the actual frequency of traversals, and this factor converts 
energy gain per traversal into energy gain per unit time. It is assumed that 
w is a known function of the particle’s total relativistic energy £, since the 
period of circulation, without transverse motions relative to a closed orbit, 
depends only on the particle energy in a given magnetic field. All of the fa- 
miliar properties of accelerators based on the principle of phase stability 
may be qualitatively understood from these two simplified equations. For 
example, in a frequency-modulated cyclotron wy is a given function of time, 
while w(EZ) =ecB(r)/E, the dependence of B on r being replaced by a de- 
pendence on E by solving erB(r) = mvc = [E?— (moc*)*}2. On the other hand, 
in a relativistic electron synchrotron w,;¢ is a constant while w depends both 
on £ and on the time because the magnetic field varies during acceleration. 
One may construct a plot of £ vs. @ and trace lines on it corresponding to 
solutions of these equations. (One should think of this EZ, @ space as being 
wrapped on the surface of a cylinder, the variable ¢ being periodic and 
ranging from 0 to 27.) Such plots are more useful if the difference between 
E and the time-dependent synchronous value of £ is used as the ordi- 
nate, since a point representing a particle without oscillations in phase will 
then be stationary, while particles in stable oscillation circulate around it. 
Other particles which are not “locked in synchronism”’ with the accelerating 
voltage will appear to drift downward, on the average, corresponding to their 
failure to be accelerated. A sharp line of division, called a separatrix, may be 
drawn between the domains in which these two classes or particles move; it 
will completely enclose the stable ones in a region shaped like a tear-drop or 
fish. It is of interest in conventional phase-stable accelerators to determine 
the dimensions of this phase-stable area in terms of the parameters of the sys- 
tem, to examine their variations as these parameters change with time, and to 
determine the manner in which the representative points may crowd in 
toward the center, representing adiabatic damping of phase oscillations, as 
the acceleration proceeds. 

It is very important to note that the variables E and ¢ are not canonically 
conjugate, and that the divergence of the flow of points in the EZ,@ plane does 
not vanish, unless w is independent of £ as in a constant frequency cyclotron. 
It was noted by Symon & Sessler!* that this defect could be easily remedied, 
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for fixed-field accelerators, by using instead of E the appropriate variable W 
which is canonically conjugate to ¢, defined by 


E 
W(E)= f dE/w(E). 
Eo 
The equations then become 
dW /dt = (2n)“eVo sin ( f wudt +4), 
dp/dt sae w(W) = wrt(t), 


which may be derived from the Hamiltonian function 
H = E(W) — Weoort(t) + (27)eVo cos ( f wrpdt + ), 


in which g and p are replaced by ¢ and W, respectively. Liouville’s Theorem 
may now be applied in this space to study very general properties of radio- 
frequency acceleration systems in these accelerators. This program has been 
carried out by the MURA group so thoroughly that it constitutes a new 
theory of these processes, and has produced several new concepts of accelera- 
tion. For an elaboration of these the reader is referred to the paper men- 
tioned above; two of the possibilities will be briefly discussed here as illustra- 
tions of these methods. 

Phase displacement acceleration.—If the frequency w() increases with 
increasing energy, and if w,;s is made to increase with time, then the phase- 
stable area in the W,@ space (called a bucket in MURA terminology) 
will move upward in W and in energy, accelerating the particles which 
are ‘‘trapped” in it. By Liouville’s Theorem the upward motion of this 
bucket must displace phase space lying outside it to lower values, in the 
same way that water is displaced downward in a container when a sub- 
merged object is raised from its bottom. If this outer phase space were 
to contain particles they would be decelerated, while those inside the 
bucket are being accelerated. This observation suggested that particles 
which are not trapped in buckets could be accelerated by the inverse process 
of passing ‘“‘“empty’’ buckets downward through the regions of energy where 
the particles are located. To carry out this procedure one would simply 
modulate the applied frequency in the wrong direction. This phase dis- 
placement acceleration mechanism appears to be less efficient, when loss 
rates are considered, than conventional acceleration in buckets but has a 
special interest for fixed field accelerators having a transition energy at which 
dw /dE=0. Above this energy the applied frequency decreases with increasing 
energy, so that for every filled bucket coming up to this energy there is auto- 
matically present an empty bucket coming down toward it from above. It 
may be possible to exploit this effect to accelerate particles above the tran- 
sition energy by phase displacement, so as to enhance the overall acceleration 
efficiency. 
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Beam stacking.—When considered in the W,@ plane, the dependence of 
bucket size on dw/dE and on the voltage Vo is easily determined and suggests 
a number of possibilities for more efficient acceleration techniques. For the 
region below the transition energy in fixed field accelerators, dw/dE decreases 
with increasing energy; this has the effect of making the bucket area increase, 
if the voltage is held constant. Therefore, if the area of a bucket is fully occu- 
pied at injection, only a small fraction of the final stable area at full energy 
will be used in holding the occupied part of the phase area, which is conserved. 
This suggests that a gain in efficiency can be made by beam stacking at 
an intermediate energy, which consists of turning off the accelerating voltage 
when a bucket has reached the stacking energy, and going back for another 
injected pulse. It in turn is also stacked, the first bunch being slightly per- 
turbed in energy by the arrival of the second bucket. The procedure can be 
repeated until a sizable circulating current has accumulated at the stacking 
energy; these particles can then all be picked up in a large bucket, which is 
brought into being by turning on another accelerating voltage, and carried 
up to a still higher energy. This method has an additional advantage, since 
the allowable rate of frequency modulation is less, for the same accelerating 
voltage, at high energies so that a lower repetition rate for the second stage 
is very appropriate. The stirring or mixing in of empty phase space in such 
processes can be minimized by appropriately varying the voltage amplitude 
and the frequency modulation rate so that just before stacking every bucket 
is nearly full. Quantitative calculations of these possibilities have been made, 
and it is hoped that by these means very large circulating currents of high- 
energy particles can be produced. Experimental work at the MURA labora- 
tories with a model accelerator using electrons (47) has already produced 
some success at accumulating a stacked beam, although the number of 
buckets stacked is not as yet very large; there remain a number of experi- 
mental and theoretical problems to be investigated, including space charge 
effects and radiofrequency excitation of betatron oscillations. 


NONLINEAR OSCILLATIONS 


An exceedingly important topic on which considerable progress, both 
theoretical and experimental, has been made during the period under 
review is the study of the properties of nonlinear betatron oscillations 
in periodic focusing structures. This will be briefly discussed at this point 
because the theoretical discussion of such oscillations is most conveniently 
made in terms of plots in a two-dimensional phase space. However, the 
subject is a complex one which has become highly developed, and it will 
be impossible in this review to give the general reader more than a qualita- 
tive understanding of what the problems are and of the nature of the prog- 
ress that has been made. 

The transverse coordinates of a particle’s position relative to its desired 
path, in the presence of magnetic focusing forces, are governed by equations 
which may be expanded in forms such as 
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d*x/d6* + F(@)x = > finn(0)x™(dx/de)”. 


m+n>1 

We are neglecting many complications here, such as the existence of addi- 
tional terms if the particle has a slightly different momentum, the elimina- 
tion of the first derivative term, and the need for considering two coupled 
equations. The coefficients F(@) and fmn(@) will display the azimuthal perio- 
dicity of the magnet structure and will depend on the shape of the magnetic 
field; they will also contain terms connected with centrifugal effects arising 
from the use of a noncartesian coordinate system. 

The simplest, or linearized, approximation is obtained by considering 
only very small displacements for which the right side may be set equal to 
zero. The resulting linear differential equation with periodic coefficients is of 
the Mathieu-Hill type, for which an elegant general theory and useful calcu- 
lational methods exist. Floquet’s Theorem states that the general solution 
consists of two terms, which may be written in the form 


x = Ae™P(9) + Be“Q(0) 


where A and B are constants of integration, P and Q have the periodicity of 
F, and v may be either real or complex. If it is real, the motion due to each 
term is that of a sine-wave modulation, at a frequency v relative to the 
circulation frequency of the particle around the magnet, of a stationary 
periodic pattern, which is ‘‘fastened” to the magnet. Great importance at- 
taches to the values of v (also denoted in some of the literature by Q) for the 
two transverse motions of a particle. If v is equal to or very near to an integer, 
and the magnetic field contains an unwanted azimuthal harmonic, or Fourier 
component, labeled by the same integer, then the particle’s transverse mo- 
tion is driven in resonance by the magnetic perturbation and will grow, caus- 
ing a spreading and ultimate loss of the beam. Similar difficulties arise if 2v is 
near to an integral value where unwanted Fourier components of the field 
gradient may cause exponential growth of the oscillation amplitudes by gen- 
erating an imaginary component of v. This effect is called a subharmonic 
resonance of order one-half, and can be studied with the linear equation 
referred to above. 

There next arises a question as to the effects of the nonlinear terms on 
the right which cannot be neglected. One can readily see, in a variety of ap- 
proximate ways, that these terms may have two kinds of effects. First, they 
may introduce a dependence of the frequency v on the amplitude, as in 
any anharmonic oscillator. Second, they may generate undesirable resonant 
effects at other rational values of v, the quadratic terms giving potential 
trouble when 3 v is near an integer, the third order ones when 4 is near an 
integer, and so forth. These are called subharmonic resonances of orders 
one-third, one-fourth, etc., and are intrinsically nonlinear phenomena. A 
study of the pair of equations for both transverse motions, which are coupled 
by nonlinear terms, shows that if v, and v, are in the ratio of small integers, 
similar effects may occur. In fact, if three positive or negative integers Nz, 
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N, and Ng exist for which the relation Nzv,+ N,v, = No is nearly satisfied, one 
might in general anticipate that an instability of the motion could exist. 
This is clearly a very serious matter, since one could not hope to avoid all 
rational values of the v’s. 

The practical matter of designing a reliable machine in the presence of 
such effects is difficult for several reasons. First, no general theory of non- 
linear differential equations with periodic coefficients is known to exist. 
Second, many of the existing approximate mathematical techniques apply to 
systems with dissipative forces, but even rather slowly developing resonant 
effects may be important if they are not opposed by any damping mechanism. 
Third, the number of cycles of motion made by a particle in a high-energy 
accelerator may be very large, so that no digital computing machine could 
follow it all the way without accumulating serious round-off errors, and no 
ordinary analogue computer could function with adequate accuracy to study 
the small terms involved. 

Some encouragement can be gained from several sources. First, existing 
machines function quite well in spite of the myriad high-order small random 
perturbations which must exist in all of them. Second, one can see by ap- 
proximate calculations that the higher-order effects are important only for 
larger amplitudes and over smaller ranges of v, and that the nonlinear fre- 
quency-shifting terms, some of which will be of relatively low order, may 
move the v value out of a dangerous range as soon as a very small resonant 
growth has taken place. Third, the coupling resonances (Nz and N, of op- 
posite sign) can only exchange energy between the two transverse normal 
modes and will not lead to unbounded growth of either. 

These mathematical questions have been very extensively studied by 
many workers during the last few years. The various forms of interactions 
between resonance effects and frequency-shifting effects are best discussed 
by drawing phase-space plots of the motions. The first extensive study of 
these questions, as they affect the operation of accelerators, was made by 
Judd (35) in 1950. He pointed out the effects mentioned above, discussed the 
implications of the Hamiltonian character of the equations on the phase- 
space behavior, and showed how the frequency-shifting terms could combat 
the growth of amplitudes due to nonlinear resonances. In more recent work 
by Moser (48), Sturrock (8), Hagedorn, Schoch, Kolomenski, and several 
others!® these results have also been obtained, by a variety of mathematical 
techniques, and extended to include systems with a large oscillating com- 
ponent of F(@) appropriate to alternating gradient focusing systems. Calcula- 
tions of a great many specific nonlinear effects have been made, and general 


* A reasonably complete bibliography of work in this field up to 1956 can be as- 
sembled from the literature cited by the several authors whose papers appear in Ref. 
(3), pp. 237-99; these papers should be consulted in connection with all of the topics 
discussed in the remainder of this section. The important influence of linear resonance 
effects on magnetic and mechanical tolerances for the construction of alternating 
gradient synchrotrons was first pointed out by Adams, Hine & Lawson (65). 
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techniques have been presented for estimating tolerances to which various 
unwanted effects must be held for a variety of accelerators. One of the general 
conclusions with respect to instability (Nz and N, of the same sign or one of 
them zero) is that if | Nz+N,| =3 there can be an instability which may or 
may not grow to large amplitudes, depending on the numerical values of 
particular parameters; for Nz+N,| = 4 there can be stability or instability, 
depending on the parameters; but for | Nz+N,| >5 stability will prevail in 
all but very exceptional situations. ‘‘Stability”’ here is to be understood as 
implying lack of disastrous growth even for the large numbers of cycles of 
oscillation occurring in accelerators; the mathematical problem of asymptotic 
behavior, for infinitely long times, related to the ‘‘difficulty of small divisors” 
in celestial mechanics first discussed long ago by Poincaré, remains unsolved. 

This sizable body of work refers largely to the perturbations caused by 
small accidental imperfections. A more difficult task has confronted the 
MURA group, since the FFAG designs with spiral ridges contain intrinsically 
large nonlinear effects. For this reason they have carried out many numerical 
calculations on high-speed digital computers which supplement and greatly 
extend the large body of numerical work of this sort done by the other 
groups. Considerable insight into the great variety of possible motions of 
such systems has been gained by a careful study of the phase plots by which 
the results of these computations are represented. Digital computer results 
have proved to be very valuable in studying the instabilities which may exist 
and, therefore, have played an important role in guiding the theoretical work 
as well as by increasing confidence in its results. 

The inadequate accuracy ascribed above to analog computers does not 
apply to those used for survey work, or to what surely must be classed as 
two of the most remarkable analogue computers in the world, the Brookhaven 
National Laboratory electron analogue (49) and the first MURA model 
electron FFAG accelerator (50). The first of these machines accelerated 
electrons from one to ten Mev through an alternating gradient structure 
using electric rather than magnetic fields throughout. Constructed on the 
premise that particles could solve their own differential equations of motion 
much more accurately than humans could, its flexibility allowed for the 
detailed study and testing of the stability problems discussed above and also 
those of passage through the transition energy when accelerated. In addition, 
dynamic effects caused by varying parameters so as to sweep particles 
through resonances?’ were studied. The MURA machine accelerated elec- 
trons from 25 kev to 400 kev in a radial sector geometry. A similar survey of 
resonance effects was carried out. In all cases the results were consistent with 
the theoretical expectations. 

While there are a number of questions in nonlinear theory yet to be 
answered, the existing body of theoretical and computational techniques, 





20 See Ref. (3). A simple theory of these dynamic effects has been given by Dunn, 
P. D., et al., pp. 23-25. 
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taken together, seems adequate to cope with most problems of single-particle 
orbits in periodic focusing structures. 


CONCEPTS AND PROPOSALS NOT YET REDUCED 
TO PRACTICE 


The accelerator concepts discussed in the section on Conceptual Ad- 
vances in High Energy Accelerators have all been put into practice, in actual 
accelerators, in construction in progress, or at least in a preliminary and 
tentative way in model studies. There have also been put forward in the last 
few years a number of proposals which for one reason or another are still in 
the stage of design, calculation, or contemplation. Some of these involve 
different ways of doing relatively familiar things, in order to reduce costs, 
gain in current, increase particle energy, or provide increased flexibility of 
operation. Others involve qualitatively new objectives and raise problems 
which are unfamiliar and unexplored, or call attention to theoretical possi- 
bilities for novel accelerating principles, the practical feasibility of which is 
as yet completely unknown. This review of conceptual advances would not 
be complete without including some information on such proposals. It is not 
intended to present a complete survey here; the examples given below have 
been selected as illustrative or are included because they have been given 
much serious study or aroused widespread interest. 


VARIATIONS OF EXISTING CONCEPTS 


One category of proposals consists of existing ideas or elements in 
some new combination or permutation. The interest of a number of labo- 
ratories in constant frequency radial or spiral ridged cyclotrons of higher 
energy than can be reached by the standard cyclotron has already been 
mentioned. By adding some frequency modulation a higher energy can 
be reached, or the same energy might be attained with a magnet hav- 
ing less drastic ridges. This matter has received careful study at the British 
Atomic Energy Research Establishment at Harwell,2" where other types 
of “hybrid’’ machines have also been considered. As another example, 
Kitagaki (51) has proposed a ‘“‘scanning field” alternating gradient ac- 
celerator whose ring magnet consists of alternating elements of two types. 
Elements of the first type are d.c. bending magnets; those of the secon 
type provide quadrupole focusing in regions of small radial extent which 
are made to move radially outward, as a group of particles is acceler- 
ated, by programmed currents in pole face windings. He estimates that high 
repetition rates should be possible because of the small stored energy in the 
scanning focusing magnets. An additional example of a hybrid machine is the 
curved linear accelerator proposed by Sinelnikov, Fainberg, and Zeidlits,” 
in which transverse stability is produced by conventional or alternating 
gradient magnetic fields while the accelerating system is like that in a linear 


21 See Ref. (3). Dunn, P. D., et al., pp. 9-25. 
2 See Ref. (3), pp. 215-17. 
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accelerator with the usual phase stability. The path is not closed and the 
particles traverse the structure only once. 

Air cored magnets have not found many applications as accelerator guide 
fields in the past, but a bold effort has been put into the design and con- 
struction of an 80,000 gauss air core proton synchrotron at the Australian 
National University at Canberra.** The technical difficulties encountered 
appear to be formidable. As another example of a possible air core design, a 
preliminary study has been made at the University of California Radiation 
Laboratory in Berkeley of a type of conventional alternating gradient 
proton synchrotron using air core magnets of a compact design originated by 
Christofilos. 

To determine the merits of such proposals requires the application of 
detailed technical and engineering skills as well as intuition and knowledge 
of the accelerator art which can only be acquired by long experience. It is 
possible, but not likely, that a good idea of this sort might languish unnoticed 
for some time for lack of such attention. 


INTERSECTING BEAM PROPOSALS 


As particles of increasingly relativistic energies are used to bombard 
stationary targets, the fraction of the incident energy associated with 
motion of the center of mass increases, so that a smaller fraction is avail- 
able in the center of mass system of the colliding particles to produce 
reactions of interest; in the relativistic range of energies the available 
energy increases only as the square root of the energy of the moving par- 
ticle. This difficulty can be overcome in principle if two beams of high- 
energy particles are directed against each other; for identical particles 
with equal and opposite energies, the total kinetic energy of the two par- 
ticles is available in the center of mass system. This fact has been known 
for a long time but has until recently seemed to be useless because of the 
high current required in each beam to produce an observable number of 
interactions. However, the potential capability of an FFAG accelerator to 
produce large circulating currents by storing successive accelerated groups 
of particles in its d.c. magnet has led the MURA physicists to consider the 
problem seriously and to propose two different methods of achieving an 
intersecting beam system. The first of these™ consisted of a pair of FFAG 
proton accelerators whose magnets were tangent to each other and had a 
straight section, or target region, in common (46). The second, first proposed 
by Petukhov (52) and independently by Ohkawa (53), is a single FFAG 
accelerator so arranged as to allow for the simultaneous acceleration and 
storage of two beams of particles traversing the ring in opposite directions. 
Two such beams, each containing protons having kinetic energies of 15 
Bev, for example, would produce interactions having an available center of 


23 See Ref. (3). Blamey, J. W., pp. 344-58. 
% See Ref. (3). Kerst, D. W., pp. 36-39. 
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mass energy of 30 Bev, equivalent to the energy available in the bombard- 
ment of stationary protons by an accelerated beam of 540 Bev particles. The 
cost and complexity of a single accelerator of the latter energy of any type 
now known are beyond serious consideration; therefore the MURA group 
has spent much effort in working out a plan to produce two such beams. 
This bold scheme and the unfamiliar problems it creates have aroused 
considerable interest among some of the physicists who are concerned about 
the future of high-energy physics research. The MURA accelerator experts, 
and others (54), have tried to anticipate and consider the various difficulties 
which might arise in storing two circulating proton currents of several hun- 
dred amperes each and making them intersect; experimentalists have at- 
tempted to foresee the problems of geometries, background, particle identi- 
fication, and rates of data handling involved in obtaining useful information 
from such collisions. In addition, many others have been led by the esti- 
mated size and cost of such a project to contemplate soberly the proper role 
of particle physics in a scientific program for the future. 

It seems clear that a large FFAG machine could accelerate and stack a 
circulating current of high-energy protons orders of magnitude larger than 
could other accelerators. However, the rate of beam-beam interactions in- 
creases as the square of the current (assuming identical beams), while the 
rate of interactions of either beam with the residual gas varies with the first 
power. Therefore, the system would be useless for experiments unless a 
threshold current, enabling the desired events to be detected in the presence 
of unwanted background events, could be attained. To indicate the orders of 
magnitude involved, some recent MURA estimates will be quoted. Two 
beams of 15 Bev protons are contemplated, with current densities up to 50 
amp. per cm.? and total currents of 800 amp. each. These would produce 
interactions in a region 4 cm. X4 cm. X20 cm. at a rate of 10® per sec., as- 
suming a cross-section of 5X10-*%* cm.? The production of these beams 
would require the acceleration of about 10‘ buckets of particles over a period 
of about three minutes. The lifetime of such a beam against multiple scat- 
tering would be about half a minute at a conventional accelerator pressure of 
10-* mm. Hg, so it is proposed to provide a vacuum of 10~® mm. to extend 
this lifetime to about eight hours. Such a vacuum is also required to reduce 
the background from encounters with residual gas nuclei in the interaction 
region to a tenth of the intersecting beam rate; under these conditions the 
general background particle density in the experimental area is estimated to 
be in the range of 10° per cm.* per sec. Experimental detection equipment 
with resolving times of a microsecond or less, such as may result from current 
developmental efforts on scintillation chambers, seems to be needed for many 
intersecting beam experiments. Even a single beam from such an accelerator 
would create unusual possibilities and difficulties. Dual beam operation 
as outlined above would imply a single beam current capability of many 
microamperes, corresponding to a single beam average power of a hundred 
kilowatts or more. 
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To avoid unwanted resonant instabilities of the beams and unknown 
plasma effects it has seemed necessary to contemplate applying a clearing 
field of 20 kv. per cm. to both stacked beams. This would remove neutraliz- 
ing electrons from the beam which would otherwise be trapped in a potential 
well of 25 kev depth. The various effects which may disturb the beams when 
they cross are also interesting and deserve further study. A clearer impression 
of some of these difficulties may be gained from the behavior of an electron 
accelerator now under construction at the MURA laboratory; it is of the two- 
beam type and is designed to produce intersecting beams of 50 amp. each at 
40 Mev each. 

The general interest in the potentialities of intersecting beam experiments 
has led to at least three independent proposals (55, 56)" for arrangements by 
which the functions of acceleration and beam storage are carried out in 
separate structures. One clear advantage is that d.c. ring magnets for storage 
can be of simple shape and can operate at high field strengths, so as to be 
smaller and cheaper than the accelerator. However, the problems of trans- 
ferring a beam of protons efficiently from a circular accelerator to a storage 
ring do not appear to be particularly simple. One difficulty is that the re- 
quirements on optical quality of ejected beams to be used for experiments are 
much less stringent than on those to be injected into a storage ring; another 
is that the trapping of many pulses of protons into a d.c. magnet, with or 
without radiofrequency gaps to maintain phase stability, is not as simple as 
had first been hoped.** Both of these problems are eased if one uses a linear 
accelerator and works with electrons, whose radiation is quite effective in 
damping oscillations set up at injection. A detailed design for such a system 
had been worked out by O'Neill, Barber, Richter & Panofsky (57) to use the 
500 Mev Stanford electron accelerator to fill each of two storage magnets 
with up to an ampere of circulating current at a radius of a meter. Radiation 
losses would be made up by r.f. voltages providing phase stability. A vacuum 
of 10-® mm. Hg would be sought for the reasons discussed earlier. The basic 
experiment would be the measurement of electron-electron scattering; a 
total counting rate of a few counts per second is anticipated. An additional 
virtue of the arrangement is that the stored beam could be ejected steadily 
to provide a single beam at a much more favorable duty cycle than that 
provided by the accelerator itself. Electron-electron scattering at 1 Bev in 
the center of mass would require a 1000 Bev accelerator if a stationary target 
were employed. This experiment is of fundamental importance in probing 
the limits of validity of present quantum electrodynamics, and it is greatly 
to be hoped that it can be successfully performed with the relatively small 
and inexpensive equipment proposed by the Princeton-Stanford team. 


% See also Ref. (3). Brobeck, W. M., pp. 60-63. 

*® Current developmental work on pulsed delay line ejectors and inflectors at 
Princeton University (where a novel concentric-ring storage geometry has recently 
been proposed), together with the use of beam-stacking techniques, may produce a 
solution of these difficulties (66). 
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PLASMA AND COHERENT ACCELERATION CONCEPTS 


A number of interesting papers of a speculative nature were presented 
at the CERN Conference in 1956 by physicists from the Soviet Union. 
One of the papers, by Fainberg,?” dealt with the use of a wave guide filled 
with totally ionized gas, or plasma, as an accelerating structure for a linear 
accelerator. Such systems were stated to offer several theoretical advantages 
over more conventional approaches, including the variation of phase 
velocity over a wider range, better confinement of electromagnetic fields 
to the useful accelerating regions, location of metallic boundaries in regions 
of lower field strengths, and the possibility of simultaneous radial and 
phase stability. Additional theoretical calculations of the propagation of 
waves in these structures have been made by Mullett (58); it seems that 
the potentialities of such systems may be worth further study but that it is 
not yet clear whether all the desired properties can be realized in a practical 
accelerator. 

A concept of another sort, which has created some theoretical interest 
at a number of accelerator centers, was presented by Budker.** He pointed 
out some interesting properties of a very high current stream of relativistic 
electrons neutralized by ions at rest and circulating in a d.c. external guide 
field shaped like that of an ordinary betatron. If such a stream could be 
induced to contract to a very small cross-sectional area, its individual elec- 
trons would move on paths determined largely by the high magnetic field 
of the stream itself, and would radiate vigorously when undergoing betatron 
oscillations. Strong radiation damping of these oscillations might then pro- 
duce an equilibrium by counteracting their growth through multiple scatter- 
ing on the neutralizing ions. Energy loss by radiation could be regained in an 
externally applied solenoidal electric field acting along the beam. Budker 
discussed these proposed equilibria and the stability of the whole beam 
against some of the perturbing effects that might exist, and raised the pos- 
sibility that the magnetic field of this stabilized configuration might be used as 
a guide field for a compact proton accelerator, for example, a 100 Bev acceler- 
ator with a radius of about three meters. Early efforts at creating large elec- 
tron currents were described in a succeeding paper by Budker and Naumov.”® 

Some of the problems associated with attaining this ‘‘radiation-cooled” 
equilibrium of Budker have been considered by individuals or groups of 
people at Harwell, CERN, Brookhaven, MURA, Berkeley, the University 
of Washington, the U. S. Naval Research Laboratory, and probably others. 
Many of these workers have concluded that there does not seem to be any 
foreseeable way to achieve such a relativistic stabilized electron beam in this 
equilibrium state with apparatus of reasonable size and power require- 
ments. A basic difficulty seems to be the slowness with which a beam pro- 


27 See Ref. (3). Fainberg, I. A., pp. 84-90. 
28 See Ref. (3). Budker, G. J., pp. 68-75. 
29 See Ref. (3). Budker, G. J., and Naumov, A. A., pp. 76-79. 
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duced by ordinary means can be made to contract to a very thin thread. 
During this sizable fraction of a second there are a number of mechanisms 
which would act to alter the assumed conditions in the beam. Also, supplying 
an adequate electric field by means of a betatron core for so long a time is 
impractical, while a radiofrequency field would bunch the beam azimuthally, 
creating additional problems. The phase space available in the guide field 
produced by such a ring current becomes very small for accelerated protons 
of high energy, and the electron beam would radiate megawatts of power of 
infrared or visible frequencies. For all these reasons the concept does not 
now appear to be attractive. Nevertheless, the insights gained through these 
studies stimulated by Budker’s proposal may find other applications in the 
future; several groups are planning experiments of various kinds with strong 
currents of relativistic electrons. 

A new principle for the coherent acceleration of charged particles was set 
forth by Veksler*® in an interesting theoretical paper. The method is charac- 
terized by the coherent interaction of a physically small bunch of particles 
(to be accelerated) with another group of charges, a plasma, or an electro- 
magnetic wave; the interaction itself generates the accelerating fields, whose 
strength would, because of coherence, be proportional to the number of 
charges in the bunch. Examples discussed included acceleration of a bunch 
of ions immersed in a high-velocity dense electron beam, involving a “‘re- 
versal’ of Cerenkov losses; coherent ‘‘impact” acceleration by collisions be- 
tween small bunches of particles; and the acceleration of an electrically 
neutral bunch of plasma by the radiation pressure of an electromagnetic 
wave. None of these proposals appears to be more than a theoretical pos- 
sibility as yet, since practical ways of realizing them have not been proposed. 

In summary, it may be said that accelerator physicists are only beginning 
to enter the general field of plasma physics; it is much too early to estimate 
its possible influence on the accelerators of the future, but it seems likely 
that some benefits will eventually accrue from combining the skills of par- 
ticle-orbit and plasma experts. 


RECENT PROGRESS IN ACCELERATOR CONSTRUCTION 


Although it is not the primary purpose of this review to deal with the 
construction of accelerators, a tabular summary of recent completions and 
present construction on the higher-energy machines will be included. This 
work, though only mentioned here in outline, represents the real progress 
achieved during the period under review in enlarging our capability to learn 
about the basic structure of matter. The largest part of the efforts of ac- 
celerator physicists and engineers has been devoted to these achievements, 
and it is to these men that all of those interested in high-energy physics 
should look with gratitude for making possible the expansion of opportunities 
to gain new information during the next several years. 


80 See Ref. (3). Veksler, V. I., pp. 80-83. 
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Information on proton accelerators producing energies above 500 Mev 
is summarized in Table I, which includes all machines of this category, either 
existing or under construction, of which the writer is aware. Projects under 
design or study are not included in the table. The dates refer to the com- 
mencement of operation at or near the listed energy or to estimates for future 
completion of construction. The references listed are the most complete 
accounts known to the writer that are generally accessible. Much greater 
detail is usually available in voluminous unpublished project reports. It 


TABLE I 


HiGH-ENERGY PROTON ACCELERATORS 











Location Type poacy Status References 

CERN, Geneva, Switzerland FM Cylotron 0.6 Operating 1957 

Joint Institute for Nuclear Re- FM Cyclotron 0.68 Operating 1954 (3), pp. 148-52, 504-10 
search, Dubna, U.S.S.R. 

University of California Radiation FM Cyclotron 0.72 Operating 1956 (3), pp. 413-18 
Laboratory, Berkeley 

University of Birmingham, Great Synchrotron 1 Operating 1953 (6) and references there 
Britain 

Delft Institute of Technology, Synchrotron 1 Construction 1958 
Netherlands 

Brookhaven National Laboratory, Synchrotron 3 Operating 1952 (59) 
New York 

Centre d’Etudes Nucléaires, Saclay, Synchrotron 3 Construction 1959 (3), pp. 200-4, (67) 
France 

Princeton University, New Jersey Synchrotron 3 Construction 1960 (3), pp. 525-29 

University of California Radiation Synchrotron 6.2 Operating 1954 (6), (3), pp. 496-503 
Laboratory, Berkeley 

Atomic Energy Research Estab- Synchrotron 7 Construction 1961 (60) 
lishment, Harwell,Great Britain 

U.S.S.R. A.G. Synchrotron 7 Construction 1959 (3), pp. 118-21, 133-36 

Joint Institute for Nuclear Re- Synchrotron 10 Operating 1957 (3), pp. 339-43, 378-86, 
search, Dubna, U.S.S.R. 429-34 


Australian National University, AircoreSynchro- 10.6 Construction 1960(?)(3), pp. 344-58 
Canberra tron 


Argonne National Laboratory, Synchrotron 12.5 Authorized 1962 (3), pp. 42-43 
Illinois 
CERN, Geneva, Switzerland A.G.Synchrotron 25 Construction 1960 (3), pp. 137-38, 307-29 


Brookhaven National Laboratory, A.G.Synchrotron 25-30 Construction 1960 (6) 
New York 





frequently occurs that the press of research prevents publication of the 
description of an accelerator for several years after its completion. The 
importance of the Proceedings of the CERN Symposium in this connection 
is obvious from an inspection of the table. 

Some remarks about a few of the many features of unusual interest in- 
corporated in this array of machines will next be made. The Geneva and 
Berkeley frequency modulated cyclotrons obtain their frequency modula- 
tion from vibrating blades rather than from the rotating capacitors used in 
lower energy machines of this type. The experimental area of the Soviet 
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cyclotron has been very highly developed, provisions having been made for 
a large number of beams and for simultaneous experiments at several sta- 
tions. The Delft and Argonne synchrotrons have magnetic guiding fields of 
zero gradient, focusing being obtained by slanting the pole face boundaries 
away from the radial direction at the ends of each magnet sector. Injection 
at Delft will be from a Thomas cyclotron of 10 Mev energy. The machine 
at Princeton is being built in collaboration with the University of Pennsyl- 
vania and is designed to produce a high average current of a tenth of a 
microampere or more. This is to be achieved by resonating the magnet at 
20 cycles per sec. with a capacitor bank handling 6 X 10‘ kva. and by optimi- 
zation of the injection conditions. The Soviet 7 Bev alternating gradient 
machine is designed both for research and to serve as a model for a proposed 
50 to 60 Bev accelerator of the same type; the method of Vladimirski and 
Tarasov, mentioned earlier, for removing the transition energy from the 
operating range to infinity is to be used in both these machines. An interest- 
ing area of development which has been investigated on the Brookhaven 
and Berkeley synchrotrons is that of beam-controlled acceleration, in which 
information derived from pickup electrodes is used to control or influence 
the frequency of the accelerating voltage.** A direct feed-back system which 
damps the phase oscillations has been tested on the Cosmotron (62). Beam- 
controlled acceleration will be used on both the CERN and Brookhaven 
alternating gradient synchrotrons. 

Electron accelerators for energies above 500 Mev are listed in Table II, 
to which the description of Table I also applies. An important historical 
role was played by the Cornell accelerator which gave the first experimental 


TABLE II 


HIGH-ENERGY ELECTRON ACCELERATORS 











‘ Energy 
Location Type (Bev) Status References 
University of Bonn, Germany A.G. Synchrotron 0.5 Construction 1958 (3), pp. 482-83 
Stanford University, California Linear 0.65 Operating 1954 (24) 
Cornell University, New York A.G. Synchrotron 1 Operating 1955 (61) 
Istituto Nazionale di Fisica Nu- Synchrotron 1 Construction 1959 (3), pp. 458-62, 475-81 


cleare, Rome, Italy 


Royal Institute of Technology, A.G. Synchrotron 1.2 Construction 1959 
Stockholm, Sweden 


California Institute of Technology, Synchrotron TF Operating 1956 
Pasadena 
Laboratoires de Physique Nu- Linear 2 Construction 1959 
cléare, Orsay, France 
Kharkov, U.S.S.R. Linear 2 Construction 1959 
Harvard University-Massachusetts A.G. Synchrotron 7 Construction 1960 (3), pp. 439-46 


Institute of Technology, Cam- 
bridge, Massachusetts 





31 See Ref. (3) for a review of these techniques. Johnsen, K., and Schmelzer, C., 
pp. 395-403. 
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proof, early in 1954, of the success of alternating gradient focusing in mul- 
tiple turn accelerators. The use of this focusing in electron accelerators 
creates special problems at very high energies. The particle orbits are 
markedly noncircular because of their betatron oscillations in the alternating 
gradient magnetic field. The large radiation reaction forces therefore have 
sizable transverse components which can act in the direction of destroy- 
ing betatron oscillation stability. Careful studies of these and other radi- 
ation effects have been made by the Cambridge accelerator group, whose 
machine design is dominated by radiation considerations. Each electron will 
radiate several Mev per turn at full energy in this accelerator; the total 
radiated power will exceed the beam power by more than a factor of two, 
and the beam load will represent about half of the total radiofrequency 
power. The effort being expended on these difficult problems seems well 
worth while in view of the interesting experiments that can be done with 
multi-Bev electrons, as is clear from the many insights already gained from 
experiments using the three existing electron accelerators listed in the table. 

So many organizations have accelerator projects under study or pre- 
liminary design at the present time that an attempt at completeness in 
listing them would be ill-advised. The large, high-energy, and expensive 
machines under study in the Soviet Union and by the MURA group have 
already been mentioned; another proposal in this class is for the construction 
of a linear electron accelerator for the energy range 15 to 45 Bev at Stanford 
University.® Such a machine would have a length of the order of two miles. 
Its design and construction seem to involve many engineering problems but 
to present no new fundamental difficulties; it is not likely that electrons of 
energies above that of the Cambridge accelerator listed in Table II can be 
produced by any other method. 

The choice of 500 Mev as a lower limit for inclusion of accelerators in the 
tables does not imply any lack of ingenuity or activity in developing im- 
proved methods or extensions of technique for producing particles of lower 
energies. In addition to the increasing use of cyclotrons for accelerating 
heavy ions, including carbon, nitrogen, and oxygen in various states of 
ionization, the cooperative design and parallel construction of two heavy- 
ion linear accelerators by the University of California Radiation Laboratory 
and Yale University is noteworthy.* These machines can produce useful 
currents of a considerable variety of ions with energies of 10 Mev per 
nucleon in each nucleus; particles having a charge to mass ratio more than 
three-tenths that of a proton are accepted by the main accelerator, which 
follows a prestripping section that operates at lower ionizations. Another 
area of progress is in linear accelerators for generating very high currents. 
A machine of this type has been constructed and operated at the Livermore 
site of the University of California Radiation Laboratory. It produced an 


% See Ref. (3). Neal, R. B., and Panofsky, W. K. H., pp. 530-44. 
% Smith, L., ‘Linear Accelerators,” in Handbuch der Physik, XLIV (Springer-Ver- 
lag OHG, Heidelberg, Germany, in press, 1958) (12a). 
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average proton current in the range of 10 to 100 ma at 3.75 Mev and could 
also accelerate deuterons to twice this energy (63). Theoretical and design 
studies for high current linear accelerators have also been made in the 
Soviet Union.* The popularity of proton linear accelerators as injectors 
for large machines has led to many advances in their design.*® A full ac- 
count of the properties of the proton linear accelerator at the University 
of Minnesota has recently appeared (64). Beams of protons at 10 Mev, 
40 Mev, and 68 Mev are available from this machine, which consists of 
three separate resonant cavities. A great many other advances in lower- 
energy machines have been made; to get some impression of the extent of 
such work the reader may refer to Behman’s bibliography (2). 

The almost explosive growth of accelerator construction in the energy 
range above 500 Mev in the past four years is evident from the tables. 
Of the 25 machines listed, only two were operating before 1954, while eight 
others have since come into operation; the remaining 15 will probably all 
be in operation within the next four years. This remarkable construction 
effort represents the largest expenditure of manpower, materials, and money 
ever made in the pursuit of basic knowledge for its own sake. 
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% See Ref. (3). Semenov, N. N., e¢ al., pp. 207-12. 
85 See, for example, the four papers on this subject in Ref. (3), pp. 159-78. 
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THE PRIMARY COSMIC RADIATION! 


By H. V. NEHER 


Norman Bridge Laboratory of Physics, California Institute of Technology, 
Pasadena, California 


INTRODUCTION 


That the true nature of the primary cosmic radiation so long escaped 
those working in the field now seems quite understandable in view of the 
many new and unexpected phenomena involved. The search, with the many 
false leads and interpretations, forms one of the most interesting stories in 
the annals of science. While we still do not know all the details of the primary 
radiation, we do know many of the major features; and the once baffling 
process of the diffusion of the primary radiation through our atmosphere has 
now largely yielded to the combined attack of many research centers around 
the world. 

By 1941, after the balloon flights of Schein et al. (1) showed that most of 
the particles present at very high altitudes did not multiply in going through 
lead as electrons were then known to do, it became evident that a major 
part of the primaries was probably protons. This had been suggested by 
others prior to 1941, principally by Johnson (2) to account for the east-west 
effect. But the chief stumbling block in having protons as primaries was in 
reconciling them with the then known way in which cosmic rays were ab- 
sorbed in matter. The missing links were gradually supplied. Following the 
realization that nuclear processes played an important role came the dis- 
covery of new particles—the charged pi-meson by Powell’s group (3) in 
1947, and the neutral pi-meson by the Berkeley group (4) in 1949. 

With these particles, together with the older u-meson and the knowledge 
of the w-u decay, it then became possible to understand the process of 
generation and absorption of secondary particles in the atmosphere. In 
principle it should have been possible to account for all the energy loss of 
the primaries as they diffuse down through the atmosphere. Rossi (5) ap- 
pears to have been the first to make a serious attempt to do this. Later 
attempts were made by Puppi (6) and Komori (7). 

That protons were not the only constituents of the primaries was dis- 
covered by Freier et al. (8) in 1948 by observing heavy tracks in photo- 
graphic emulsions exposed to the primary radiation near the top of the at- 
mosphere. These tracks were shown to arise from high-energy nuclei with 
nuclear charge larger than for nuclei of the air and which therefore must 
have entered the atmosphere from surrounding space. 

The identification of these heavier cosmic-ray particles, their relative as 
well as their absolute numbers and their distribution of energy, is still a very 
active part of the research on the primary radiation. A review of the field 


' The survey of literature pertaining to this review was completed in March, 1958. 


217 








218 NEHER 


was made by Peters (9) in 1951, and some particular aspect of the properties 
of the primary radiation, its origin and propagation through space, was 
reviewed by Biermann (10) in 1953. 

In this review of the primary cosmic radiation the first concern will be 
with the species of nuclei represented, i.e., their chemical composition both 
as to kind and numbers. Next, their energy distribution will be considered. 
This will be followed by a discussion of the various kinds of fluctuations that 
occur in the primaries. A brief account also will be given of some of the 
present ideas about the origin of cosmic rays and of some of the astrophysical 
implications. 


CHEMICAL COMPOSITION OF THE PRIMARIES 


The relative abundance of the various nuclei represented in the primaries 
has an important bearing on the origin of the cosmic rays. Since their energies 
are much larger than their binding energies, the fact that heavy nuclei, like 
iron, occur at all is very good evidence that they could not have traveled 
through many gm. cm.~* of matter or none of them would remain. The 
question of whether the so-called light elements, Li, Be, and B are present 
in the primaries was in doubt for some time, but has now been resolved in 
that there seems to be general agreement that these three elements are about 
half as abundant as the C, N, and O group. 

The technique commonly used is to fly photographic emulsions to as high 
altitudes as possible. Such flights have been made primarily in the middle 
latitudes of around 40°, partly because of available facilities, but also be- 
cause here the lighter nuclei are relativistic; and, hence, their ionization in 
the emulsion depends on only their charge rather than on both their charge 
and their velocity. 

Recently, McDonald (11) has reported a method which combines the use 
of both a scintillation and a Cerenkov detector. This combination should, in 
principle, permit a determination of the velocity spectrum of the various 
nuclei, as well as separate out the different nuclear charge components. 
Since the energies of the particles may be determined directly, the results 
at different latitudes will be independent of geomagnetic theory. The chief 
difficulty with experiments like McDonald’s is that, although each is elegant 
in itself, the equipment is quite complicated. Hence it would be difficult to 
make many flights and to determine how the cosmic-ray intensity and 
composition vary with time. Table I reproduces a list of values for the 
a-particle flux, collected by McDonald (11). To make the original table 
somewhat more meaningful the dates when the data were taken have been 
included. In each case the original author has extrapolated his value to the 
top of the atmosphere by correcting for the losses as well as for the gains 
due to fragmentation of heavier nuclei. 

The next group of elements, Li, Be, and B are given in terms of their 
ratio to the C, N, and O group. Again the attempt has been made to ex- 
trapolate the measured value in the emulsion back to the top of the atmos- 
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SUMMARY OF a-PARTICLE FLUX MEASUREMENTS AT \»,=55° N AND 41° N 














Year of | Flux of Particles 
Method Author Flight m.~*sec.~'ster.~? 
Am =41° N 
Proportional counter Perlow 1950 110+20 
Cerenkov counter and 
cloud chamber Linsley 1954 88+8 
Cerenkov counter Horowitz 1954 99 +16 
Cerenkov counter Webber-McDonald 1954 82+9 
Scintillation counter and 
Cerenkov counter McDonald 1955 96+9 
Am =55° N 
Scintillation counter Ney and Thon 1950 340 
Proportional counter Davis et al. 1952 320 +40 
Cerenkov counter and 
scintillation counter McDonald 1955 305 +25 














phere. This extrapolation was the source of the disagreement between various 
groups for some time, which seems now to have essentially disappeared. 
Some of the more recent values are given in Table II. 


TABLE II 


SUMMARY OF RATIO OF LIGHT ELEMENTs Li, Be, AND B TO THOSE OF THE 
MeEpriuM Group 

















N1i/Nu Author Am 
0.37+0.07 Waddington (12) 46° N (Italy) 
0.70+0.15 Noon et al. (13) 41° N (Texas) 
0.32+0.07 Koshiba et al. (14) 41° N (Texas) 
0.35+0.09 Webber (15) 41° N (Texas) 





Table III presents the more recent work of Noon, Herz & O’Brien (13) 
on the composition of the primaries as determined with emulsions flown by 
a balloon at geomagnetic latitude 41° N. 

In a paper to be published soon by Koshiba, Schultz & Schein (14) an 
attempt is made to identify as many of the constituents of the primaries as 
possible. The extrapolation to the top of the atmosphere was made by using 
“the fragmentation probabilities in air which were obtained from the analysis 
of a total of 209 interactions in the same stack.’’ They also estimate the 
fragmentation probabilities in hydrogen and make an attempt to extrapolate 
the constituents back to the source. 
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TABLE III 


THE COMPOSITION OF THE PRIMARIES AT 41° N AS DETERMINED BY NOON, 
HeErRz & O’BREIN (13) 








He 100 +20 particles m.~*sec.~'ster.~! 
Li, Be, B 3.8+0.5 
C, N,O | 5.5+0.6 


Z>10 | 2.6+0.4 





In comparing the abundances of the nuclei found in cosmic rays with the 
natural abundances of the chemical elements as derived by Suess & Urey 
(16), it is found that certain discrepancies stand out. One of the chief dif- 
ferences is the relatively large amount of Li, Be, and B in cosmic rays in 
comparison to their very small abundances in nature. It is assumed by 
Koshiba, Schultz, and Schein that these nuclei are the result of spallations 
of the heavier nuclei with the protons of interstellar matter. Assuming no 
Li, Be, and B at the source and 1 proton per cm.’ of interstellar matter on 
the average, they arrive at the conclusion that the nuclei reaching the earth 
have been traveling for 5.3108 years. This figure will be discussed later in 
the section on Origin of Cosmic Rays. 

Figure 1 reproduces the curves given by Koshiba et al. (14). Curve A is 
that obtained for the top of the atmosphere; B represents the extension of 
curve A back to the source; and C gives the relative abundances of the ele- 
ments as found by Suess & Urey (16). These latter are derived from spectro- 
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Fic. 1. A comparison of the natural abundances of the elements as given by Suess 
& Urey (16), with cosmic-ray abundances as given by Koshiba, Schultz & Schein 
(14). Curve A shows the results of the extrapolation to the top of the atmosphere of 
the cosmic ray particles. Curve B gives the charge spectrum at the source region. 
Curve C shows the natural abundances as given by Suess and Urey. 
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scopic analysis and measurements made on meteorites. In the figure, the 
width of the bases of the triangles for larger Z (Z =atomic number) repre- 
sents the uncertainty in the determination of Z. 

Some conclusions arrived at from the comparison of the cosmic-ray and 
the natural abundances are as follows: (a) If a fit of the two sets of data is 
made at the C, N, and O group then there are about twice as many nuclei 
with Z2 10 in cosmic rays as in the natural abundance. (b) The abundance 
ratio of Mg:Si:Fe is about the same for both sets of data. (c) The larger 
abundance of elements of even Z, such as Ne, Mg, and Si show up in both 
sets of data. Elements of odd Z in cosmic rays such as F, Na, and Al may 
be more abundant because of break-up of the heavier elements. (d) The 
relative abundances of C, N, and O as determined by Koshiba ef al. are in 
the ratio 1.6:1.1:1.0, while the data of Suess and Urey give the ratio 0.16: 
0.31:1.00. It is pointed out by these authors that this higher abundance of 
carbon and nitrogen in cosmic rays compared with oxygen may have an im- 
portant bearing on the nature of the stars that were the original source of the 
nuclei. 


ENERGY DISTRIBUTION OF THE PRIMARY RADIATION 


There are a number of radiations incident on the earth that come either 
from the sun or from the galaxy. Some of the corpuscular radiations from 
the sun have energies of 100 kev and in certain cases may reach into the Mev 
range. Thus, the protons found by Meinel (17) have energies of the order of 
100 kev and probably as much as 10 times more at the top of the atmosphere. 
Similarly, the electrons found by Meredith et al. (18) and by Anderson 
(19) in the auroral zone appear to have energies of the same order of mag- 
nitude. It is still uncertain whether these are accelerated locally or whether 
they come from the sun itself. There are times when the sun does give rise 
to high-energy particles whose energies overlap the lower part of the cosmic- 
ray distribution. These outbursts are associated with intense visual flares 
and have occurred some five times in the last 20 years. These will be dis- 
cussed later in connection with the fluctuations in cosmic rays. 

None of the radiations discussed above are cosmic rays by definition; 
they are solar corpuscular rays. To qualify as cosmic rays they must come 
from beyond the solar system. While at one time it seemed to be difficult to 
account for the large amount of energy in cosmic rays, this difficulty has 
largely been overcome and very few workers in the field now hold to the 
solar origin of any appreciable fraction of the cosmic-ray particles. The ideas 
for and against a solar component will be discussed in the section on the 
Origin of Cosmic Rays. 

The lower limit to cosmic-ray particle energy is usually set at about 1 
Bev for protons (10). However, during a very quiescent period of the sun, 
such as existed in 1954 and 1955, Neher (20, 21) found that, near the geo- 
magnetic north pole, particles were entering the atmosphere which had the 
characteristics of protons with energies down to 100 Mev. This value would 
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undoubtedly have gone still lower had the balloon carrying the instruments 
gone higher, but for the present 0.1 Bev may be taken for the lower limit of 
cosmic-ray particles. These particles were probably not of solar or local origin 
because: (a) they were present during a very quiet period of solar activity; 
(b) they were not present in the auroral zone where Meredith (18) and later 
Anderson (19) found low-energy radiations; (c) their intensity was very 
steady in 1954 over a period of at least three weeks. 

The evidence then is that cosmic-ray energies extend down to at least 
0.1 Bev for protons, and that these are present when the activity of the sun 
is near the minimum of its 11-year cycle. Solar particles, on the other hand, 
appear to exist in larger numbers and to have higher energies near a maxi- 
mum of solar activity than they have near a minimum. There thus appears 
to be a gap between about 1 Mev and 100 Mev where no experimental evi- 
dence for particles exists. Undoubtedly, during a solar flare there are large 
numbers in this range; but to detect these, as well as those which may exist 
during a solar minimum, one probably will have to depend on a satellite. 

The most direct method of studying the low-energy part of the cosmic- 
ray spectrum is by the use of photographic emulsions. This technique has 
been used by a number of groups working in the field, including that at the 
University of Minnesota. In 1954, during the summer when the sun was very 
inactive, this group made a balloon flight, with photographic emulsions, at 
60° geomagnetic north [see Fowler et al. (22)]. These authors found that the 
differential spectrum of a-particles passed through a maximum at 300 Mev 
per nucleon, and that at 130 Mev per nucleon the number of a-particles per 
unit energy range was down to less than one-third of its value at the maxi- 
mum. In analyzing data from previous emulsions flown in October, 1950 at 
55° N by Dainton et al. (23) low-energy a-particles were also found. In fact, 
it appeared that within the statistical errors there was no difference between 
these two flights in spite of the 6° difference in latitude and the difference in 
time. Three conclusions that may be drawn from these data are: (a) The 
maximum in the differential spectrum of a-particles in 1954 was due neither 
to atmospheric absorption nor to a geomagnetic effect but existed in the 
primaries. (b) There appeared to be no change in a-particle flux between 1950 
and 1954, (c) Any increase in ionization north of Minneapolis at pressures of, 
say, 15 gm. cm.~? which occurred in 1954 must have been due to protons 
since there was no increase in a-particles, and heavier nuclei could not 
penetrate the air down to the instrument. 

In contrast to the situation with a-particles during 1954, there was an 
increase in ionization north of 55° N as shown by Neher (20). This is seen in 
Figure 2 where the ionization as measured by ionization chambers is plotted 
against the mass of air overhead. These data were taken on a trip by ship 
to Thule, Greenland. Simultaneous flights with identical equipment, care- 
fully compared, were made from Bismarck, North Dakota (Am, =56° N), and 
corrections for fluctuations in the primaries could then be made. Actually 
the fluctuations during the summer of 1954 were extremely small from day 
to day and week to week. 
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Fic. 2. Ionization vs. air overhead for different latitudes after being corrected for 


changes at the base station. 


Assuming that the increase from Bismarck to Thule in 1954 was in pro- 
tons only, as the data of Fowler et al. (22) indicate, the numbers of protons 
that cause the increase in areas in Figure 2 could be calculated. These calcu- 
lations are based on rigidity requirements as well as on the absorption of the 
low-energy particles in the atmosphere as one proceeds north. Thus the dif- 
ference in area between curves B and D of Figure 2 is accounted for by a 
flux of 0.10 protons cm.~? sec.— ster. at the top of the atmosphere of 0.4 


Bev average energy. 
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In the summer of 1955, the situation near the north geomagnetic pole 
was similar to that in 1954 (21). In fact, the average ionization from five 
flights at high altitudes was only 2 per cent less, but the fluctuations from 
day to day were more pronounced than in 1954. The inference, therefore, is 
that there were about the same numbers of low-energy particles coming in 
near the north geomagnetic pole in 1955 as in 1954. These findings are con- 
firmed by Winckler & Anderson (24) who made a series of balloon flights 
going north from Minneapolis in September and October of 1955. These ex- 
perimenters used Geiger counter telescopes. They also found an increase in 
counting rate with increase in geomagnetic latitude which they ascribed to 
protons. 

The presence of low-energy particles in the summers of 1954 and 1955 is 
in contrast to the situation in 1951 found by Neher et al. (25). A plot of 
cosmic-ray intensity at 15 gm. cm.~? residual air pressure versus latitude 
showed a ‘‘knee”’ at about 56 to 58° geomagnetic north and a plateau for 
more northerly latitudes. Combining these results with those of Fowler et al. 
on the behavior of a-particles during the nearly similar period, one arrives 
at the conclusions that the ‘‘knee”’ in the latitude curve at balloon altitudes 
is probably due to the absence of protons below a certain energy; that the 
disappearance of the ‘‘knee’’ is due to the reappearance of low-energy pro- 
tons; and that a-particles and heavier nuclei are either not involved or play 
a minor role. 

In 1956 the ionization due to cosmic rays had dropped to 70 per cent of 
its value in 1954 at high altitudes near the geomagnetic pole (21), and by 
August, 1957, Neher & Anderson (26) found that the ionization was less 
than one-half of its value at 15 gm. cm.~* as compared with 1954. These 
changes will be further discussed in the section on fluctuations. It is apparent 
from the above that the energy distribution of the proton component at low 
energies is very much a function of time. 

The a-particle component may be somewhat more constant, or at least, 
the results of the Minnesota group would so indicate. Fowler & Waddington 
(27) have made a study of the energy distribution of a-particles in the low- 
energy range. They give the empirical integral number distribution as 


N(2E) = C/(moc? + E)", i. 


where C=370+100 for a-particles, n=1.50+0.18 for energies between 1.8 
and 3.0 Bev per nucleon, (moc?+£) is the total energy per nucleon of the 
particle in Bev, and the units of N are particles m.~* sec. ster.—'. Since 
moc? = 0.93 Bev per nucleon, the above expression is very close to that usually 
written, where the first term is set equal to unity. By studving jets in emul- 
sions due to a-particles, Fowler and Waddington have made a determination 
of the exponent in the above empirical equation and find a value of 1.49 
(+0.23, —0.20), which holds for energies up to 800 Bev per nucleon. In 
fact, within the statistical errors, the authors claim that Equation 1 holds 
for all energies of a-particles from 0.33 to 800 Bev per nucleon. 
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Waddington (28) has made a study of the heavier nuclei in an effort to 
determine their energy distribution. He finds that the same form of expres- 
sion as Equation 1 holds, where again (moc?+ E£) is the total energy per nucle- 
on. The value of the exponent obtained was nm = 1.2 + 0.3 for the range 1.8 to 3.0 
Bev per nucleon. If one takes the value of »=1.5 as the exponent for all 
nuclei and the data of Noon, Herz & O’Brien (13) for the numbers of nuclei 
at 41° geomagnetic north, he may calculate the values given in Table IV for 
the constant C in Equation 1. 


TABLE IV 


VALUES OF ConsTANT C IN N(>E) =C/(moc?+£)!* FoR DIFFERENT PRIMARY 
Nuc el. N IN PARTICLES M.~? SEC.~! STER.~! 











Nucleus Cc 
He 370 
Li, Be, B 14 
C.n.o 21 
Z>10 10 











Above values of C and of the exponent of (m,c?+E) probably not valid for ener- 
gies below 1 Bev per nucleon or above 5 Bev per nucleon, except for He as noted 
in the text. 


Much more information is needed to complete our knowledge of the multi- 
charged primary nuclei. Some of the questions are: (a) Is there a cut-off at 
low energies which is not geomagnetic or atmospheric, such as appears to ex- 
ist in the case of the a-particles? (b) Is the energy distribution at the higher 
energies the same for all nuclei, except for a constant? (c) What changes 
occur during a solar cycle or for shorter periods of time? The difficulties con- 
nected with getting good statistics are rather formidable so it may be some 
time before definite answers to the above are forthcoming. 

There have been attempts to measure the total number of primary par- 
ticles by means of Geiger counters carried to high altitudes by balloons. An 
attempt is then made to extrapolate the counting rate to zero pressure. The 
experiments usually cited in this connection are those of Winckler (29). 
Also, attempts have been made to measure the primary flux by means of 
Geiger counters carried in rockets. In this case, Van Allen’s group at the 
State University of Iowa has probably been the most active. Both kinds of 
measurements, however, suffer from the serious trouble of also measuring 
the particles in the albedo, i.e., those particles ejected upward from the 
atmosphere which may get caught in the earth’s magnetic field and returned 
to the atmosphere. Meredith, Van Allen & Gottlieb (30) have made an 
attempt to correct their rocket data for this albedo effect. These data are 
given in Table V. It is quite evident, in view of the large uncertain corrections 
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(as much as a factor of 3), that rocket data do not give an accurate measure 
of the primary radiation. Indeed, it is doubtful if cosmic-ray equipment in 
satellites will be completely free from this albedo effect unless their orbits 
extend out more than an earth radius from the earth’s surface.? No attempt 
seems to have been made to correct Winckler’s data, but it is quite evident 
that albedo also plays a prominent role here and that Winckler’s values are 
too high. 


TABLE V 


COMPARISON OF NUMBERS OF PRIMARY PARTICLES MEASURED WITH ROCKETs (1955) 
WITH VALUES CALCULATED FROM IONIZATION DATA 














Enin c 
Ain (protons) a b 
(Bev) 1937 1954 1957 
0° 14 0.052 0.018 0.012 -— — 
41° 3.8 0.126 0.048 0.042 -- _ 
54° 1.0 0.31 0.11 0.10 0.14 _ 
87° 0.0 0.48 0.27 0.11 0.24 0.056 























Units are particles cm.~? sec.~ ster.~! 

Column a, before correction for albedo. 

Column b, after correction for albedo. 

Column c, values calculated from ionization data. 


Table V also gives values calculated by Neher et al. (20, 25, 26) from data 
collected at various latitudes and different times with ionization chambers. 
Since the calculations on the number of primaries is dependent on the areas 
under ionization-depth curves, the values calculated by this means are much 
freer from albedo effects. In view of the evidence presented earlier, it appears 
that most of the changes in the numbers of primaries are in the protons; and 
that in the latitude-sensitive part, an energy distribution has very little mean- 
ing, except at a given time. 

Table VI has been prepared from ionization chamber data. The data for 
the two years 1954 and 1957 may not be representative, although the present 
thinking is that at the next solar minimum the intensity will probably return 
to its high value of 1954. A 25 per cent addition has been made to the meas- 
ured value of the energy flux at the top of the atmosphere to account for 
neutrino loss. This is in line with the calculations of Puppi (31). The numbers 
of particles have been calculated using data at various latitudes, with due 
account taken for the multicharged particles present. 


2 Note added in proof: The “halo” of charged particles around the earth, recently 
discovered by Van Allen and his group at the University of Iowa, are probably cos- 
mic-ray albedo particles trapped in the earth’s magnetic field. 
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TABLE VI 
Data ON Cosmic Rays 
(Values given are calculated from ionization chamber data) 


























Energy cm.~2 Energy in 
sec.—! at top of outer space | Ionization in outer space 
atm.* Particles cm.~? cm.~3% 
Time Location sec.~! ster.~! 
at top of atm.t Ions cm.~3 Milli- 
(103 ergs) Bev (10% ev sec.~! atm. | roentgens 
ergs) of air per day 
2.28 1.44 0.012 
Solar Equator (1937) (1937) (1937) 
Max. 0.57 | 0.36 140} 5.8 
Near Geomag. 4.25 2.66 0.056 
Pole 
Equator _ _— _ 
Solar |—— 0.76 | 0.48 >1100 >46 
Min. Near Geomag. 5.70 3.57 0.24 
Pole 





























Data for solar maximum are for 1957 except where noted. Data for solar minimum are for 1954. 

* These values have been increased 25 per cent over measured values to account for neutrino loss. 

+ Best estimate taking account of known composition of primaries. 

t Calculated from a mean specific ionization of 200 ion pairs cm.~ in air under standard conditions 
of temperature and pressure. 


At the higher energies, i.e., above about 10 Bev per nucleon, energy dis- 
tributions cannot be deduced from geomagnetic effects. Haber-Schaim (32) 
has calculated the exponent in a power law E~ from the absorption of p- 
mesons in matter. He finds for m in the integral spectrum a value of 1.3+0.22 
for the region of 100 Bev. 

To study the energy distribution of primaries in the range 10" ev and 
up, extensive air showers are used. The quantity actually measured is the 
number of particles in the shower, and the energy of the primary is deduced 
from theoretical considerations. These are quite well-founded, however, so 
there seems to be no difficulty in inferring the primary energy distribution. 
In some remarkable experiments using large scintillation counters spread out 
over large areas, the group under Rossi at the Massachusetts Institute of 
Technology has collected data on the directions of arrival as well as on the 
size of showers. The largest shower so far reported [see Clark e¢ al. (33)] 
contained 1.4 10° particles, and this requires an initial energy at the top of 
the atmosphere of about 10'* ev, or more than 1 joule of energy! These 
authors arrive at an integral energy spectrum, for the region 4X10! ev 
<E<10'8 ev, given by the following (£ in ev): 


N(2E) = 2.2 X 107°(10/E)?-8 cm. sec.—! ster.—. 
How particles of such energies can be produced has important astrophysical 


implications and will be discussed later in the section on the Origin of 
Cosmic Rays. 
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FLUCTUATIONS IN THE PRIMARY RADIATION 


One of the chief characteristics of cosmic rays is their isotropy. As the 
earth spins on its axis the particles that initiate events in a counter telescope, 
say, located at the equator, come from different regions of space. As far as 
the counting rate of such a telescope is concerned, it makes little difference 
whether these particles have come from regions in the direction of the sun 
or from directions opposite to that of the sun. When it is considered that 
large changes in the radiation striking the earth take place over a period of 
a solar cycle, indicating some modulating influence in the planetary system 
under solar control, it is surprising that this mechanism is so well distributed 
that as the earth rotates on its axis there is little difference in this modulating 
effect in different directions. This means that the modulating medium does 
not lie just close to the plane of the ecliptic but must have considerable ex- 
tension perpendicular to this plane. 

The diurnal effect of cosmic rays has been studied a great deal. Due to 
the smallness of the effect, which is of the order of 1 per cent or less, experi- 
ments have been primarily limited to ground level stations. Balloon flights 
have been made at various times of the day in the attempt to measure a 
diurnal effect. In particular, one may mention the work of Koshiba & Schein 
(34) who were interested in the intensity change of heavy nuclei during the 
day. They found that, on the particular day when their flight was made, a 
34+7 per cent change in intensity of the nuclei with Z >10 occurred, with a 
maximum at 9 A.M. local time. They used an interesting technique of moving 
one set of emulsions with respect to the other, so that the time of passage of a 
particle could be determined. 

Such experiments are of vital importance in determining the nature of 
the primaries. The limited time that a balloon can be made to keep essentially 
a constant altitude mitigates against obtaining, by this means, a definite 
answer to the problem. A satellite carrying a proportional counter or pulse 
ionization chamber would be an excellent means of obtaining the desired 
information. 

The problem of time variations and particularly the diurnal effect has 
been reviewed by Sarabhai & Nerurkar (35) up to March of 1956. More 
recent work has been reported by Elliot & Rothwell (36). The whole prob- 
lem is in a state of flux. The average diurnal effect is quite small, being only 
0.1 to 0.2 per cent over long periods of time for the meson component. The 
amplitude in the neutron component is more nearly 1 per cent. There is some 
evidence that the diurnal change is somewhat larger for the lower energy 
part of the cosmic-ray particles than for those of higher energy, but the effect 
is not pronounced. 

A well established variation in the primaries is the so-called 27-day effect 
which may be correlated with the rotation of the sun. Forbush was the first 
to call attention to this and called it quasi-periodic since it persists for 
several rotations of the sun and then disappears. The same kind of behavior 
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is familiar in variations in the magnetic field of the earth. Simpson et ai. (37) 
have shown that at least for one period, when a pronounced unipolar mag- 
netic region persisted on the sun for a number of revolutions, there was a 
very definite influence of this region on cosmic rays at the time the region was 
oriented toward the earth. Whether the 27-day change in cosmic rays is an 
increase or a decrease is often a difficult matter to decide and the question still 
seems to be open. As to magnitude, these 27-day changes in neutron intensity 
at ground level may amount to 5 to 30 per cent, while the changes in meson 
intensity are about one-third as much. At balloon altitudes at high latitudes 
the changes may be 7 to 10 times as large on a percentage basis (38) com- 
pared with the meson changes at sea level. 

It was noticed many years ago that usually, during a magnetic storm, 
the intensity of cosmic rays decreased from the pre-storm value. These 
fluctuations have now come to be known as the Forbush-type of decrease. 
They do not always occur when magnetic storms occur, and there have been 
definite decreases in cosmic-ray intensity when no magnetic storms were de- 
tected. Further, the ratio of the percentage change in cosmic-ray intensity 
to the percentage change in the earth’s magnetic field is not the same from 
one storm to another. On one occasion, when an ionization chamber was at 
balloon altitudes and a magnetic storm occurred following the solar flare of 
July 25, 1946, there was four times the percentage decrease in intensity at 
the peak of the ionization curve at 41° geomagnetic north as in a ground level 
ionization chamber at the same latitude (38). It is concluded that the energy- 
dependence of the Forbush-type of decrease is similar to that of the 27-day 
quasi-periodic type. These magnetic storm decreases in the meson component 
may amount to as much as 6 per cent at ground level. 

There are other variations such as the day-to-day changes in cosmic rays, 
but there seems to be no definite correlation between these and any specific 
events occurring on the sun. There is, however, a definite relationship be- 
tween solar activity in general and cosmic-ray fluctuations from hour-to-hour 
and day-to-day. As might be expected, the relationship is a direct one; 
namely, when the sun is active, as measured by Zurich sun spot numbers, 
the intensity of the 5303 A corona line, or any other means, the percentage 
fluctuation in cosmic rays also increases. 

The most pronounced changes in cosmic-ray intensity take place during 
a solar cycle. That a correlation exists between solar activity in general and 
the intensity of cosmic rays was first pointed out by Forbush (39) in 1954. 
He found an inverse relationship which showed a total change at ground 
level from the solar minimum of 1944 to the solar maximum of 1947 of about 
4 per cent. The data at high altitudes are much more meager than those at 
ground level. However, there have been sufficient balloon flights made by 
now, primarily by Neher ef al. (20, 21, 25, 26), to establish firmly this rela- 
tionship at high latitudes. Figure 3 illustrates the situation near the north 
geomagnetic pole in 1937, 1951, and 1954. As shown in Figure 4, in the year 
1937 the sun was near the peak of its activity during that cycle as measured 
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Fic. 3. Curve A was taken when the sun was at a minimum of activity, while B 
was taken during the waning part of the peak which reached a maximum in 1957. 
Curve C was taken during the solar maximum of 1937. 


by the Zurich sunspot numbers. In 1951 the sun was on the waning part of 
another cycle, while in 1954 during July and August the sun was extremely 
inactive. 

Continuing on from 1954 it will be noticed (see Fig. 5) that in the summer 
of 1955 the intensity had decreased slightly, but on the average only 2 per 
cent at high altitudes from its high value in the summer of 1954. In 1956 
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(see Fig. 6) the intensity at the lowest pressure had dropped to 75 per cent 
of its value in 1954, while in the summer of 1957 the intensity near the north 
geomagnetic pole was only 50 per cent of its value in 1954 at 15 gm. cm.~. 
It will be noticed that in 1957 the ionization throughout the atmosphere 
near the pole was only slightly higher than it was at San Antonio, Texas, in 
1936. In fact, the total energy per unit time, represented by the areas under 
the curves, differed by only 4 per cent. As mentioned in the section on Energy 
Distribution, Neher & Anderson (26) have made an estimate of the number 
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Fic. 4. The Zurich sun spot numbers have climbed rapidly since 1954, reaching a 
higher value at the end of 1957 than at any time for a large number of cycles. 


of primary particles coming in at Thule in 1957 and found that only about 
one-fourth as many particles were striking the top of the atmosphere in that 
region as compared with 1954. Now, the earth’s magnetic field near the geo- 
magnetic poles allows particles of all energies to come in. Hence, it was con- 
cluded that the numbers of primary particles in space near the earth also 
changed by a factor of four between the solar minimum of 1954 and 1957, 
when the sun was near a maximum of activity. 

This large change in primary particles may be larger than usually occurs 
during a solar cycle. In Figure 4 the Zurich sunspot numbers are plotted 
for the past several cycles. The maxima have been getting more pronounced, 
and the present maximum has reached a higher value than has occurred for 
a hundred years or more. In Figure 7 the ionization at 15 gm. cm.~? near the 
geomagnetic pole for the different years has been compared with data of 
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Fic. 5. The average intensity near the north geomagnetic pole in 1955 was only 
slightly less than in 1954. The difference in curves A and B indicates more higher- 
energy particles on August 9 than on August 7, since B lies above A at the higher 
pressures, while at the lowest pressures, the particles that caused A to turn up on 
August 7 are missing on August 9. 


Forbush* obtained at Huancayo. The inverse relationship between solar 
activity, as measured by sunspot numbers, and cosmic-ray intensity is 
brought out very strikingly. 


3 The author is very grateful to Dr. Forbush for permission to use these data prior 
to publication. 
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In spite of these large changes, the average intensity of cosmic rays seems 
to have remained fairly constant when averaged over long periods of time. 
Thus, there appears to be a good correlation between the ages of archeo- 
logical objects dated by C™ methods and those determined from historical 
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Fic. 6. The ionization at high altitudes near the north geomagnetic pole in 1957 
was less than half its value in 1954, the area under the ionization-depth curve was 
down 34 per cent, and the numbers of primary particles were down by a factor of 4. 
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Fic. 7. A comparison oi (1) the average yearly values of ionization at Huancayo, 
Peru, (2) the average ionization at 15 gm. cm.~ of all balloon flights made at Thule, 
Greenland, in the summer of the corresponding year, and (3) the Zurich sunspot 
numbers. 


records. It should be borne in mind, however, that the sun may have been 
more or less active in the earlier stages of its life, and the intensity of cosmic 
rays at the earth may have been different from that in the present epoch. 

The search for a satisfactory explanation for the various kinds of fluctua- 
tions that occur in cosmic rays constitutes the principal line of research in 
the field at the present time. That the explanation is to be found in something 
local, i.e., concerned with our own sun instead of having to do with something 
happening several light years away seems quite obvious. We suppose, there- 
fore, that beyond about 100 or 1000 A.U. (A.U. =Astromical Unit =average 
distance between earth and sun) from the sun cosmic rays are constant, at 
least during the periods of time of interest here. 

The solar flare of February 23, 1956 furnished one of the best means yet 
given to us by nature for studying the region between the sun and the earth. 
During this most interesting event, the neutron intensity at sea level reached 
approximately 25 times its normal value due to cosmic rays, while the 
numbers of particles in space near the earth, but outside its magnetic field, 
must have increased by at least 250 times. During the initial stages, the 
particles came in quite anisotropically over the earth. Later, after the maxi- 
mum had been reached, the radiation came in isotropically, i.e., from no 
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preferred direction in space. During this latter stage, particles came in at 
stations like Godhavn, Greenland, where for the energies of particles in- 
volved, there should have been none at ali had they come directly from the 
sun. 

It is evident, therefore, that at least at the time this flare occurred, there 
existed diffusing-reflecting regions in the planetary system that affected 
drastically the paths of particles up to about 10 or 20 Bev of energy (since 
there was also an increase at the equator). These regions, thought to be 
turbulent clouds of matter that have come from the sun and which carry, 
frozen into them, magnetic fields, must have been there before the flare 
occurred, since the times involved would not allow this matter to travel the 
necessary distances. If these clouds are present during a time when a solar 
flare occurs, they must then also be present at other times and presumably 
are the modulating influences on cosmic-ray particles. While the analysis of 
this flare constituted a beautiful demonstration that such a modulating 
mechanism is present in our solar system, it was already evident from previ- 
ous cosmic-ray work, showing the inverse relationship between solar activity 
and cosmic-ray intensity, that such clouds must be present. 

Morrison (41) has given what seems to be the best general picture of the 
effect of these turbulent clouds. His thoughts may be briefly stated as fol- 
lows: We imagine a region of the sun where matter is ejected into surrounding 
space. That such occurs is amply supported by observations of the sun’s 
corona. There are local magnetic fields on the sun, which will be carried 
along with the highly ionized and, hence, conducting matter as it is ejected 
and moves away. Because of low losses, these magnetic fields will continue 
to exist and will be tied to the ionized matter. The turbulent clouds will 
expand as they move out from the sun. Their speed will be 1000 to 2000 km. 
per sec. They will tend to sweep away low-energy cosmic-ray particles 
since it would require too much time for them to diffuse into these clouds. 
The higher-energy particles will be less affected. This immediately gives a 
qualitative dependence on energy that agrees with experiment. These clouds 
are presumably quite extended. By the time they arrive at the earth their 
lateral extent will be of the order of 1 A.U. and the density of ions about 
1000 cm.~* Such clouds would not, in general, be distinct entities but would 
overlap one another and would be continually going out of the sun and ex- 
panding out into the planetary system. They would be highly turbulent, 
resulting in a thorough mixing up of the paths of cosmic-ray particles. During 
an active period of the sun, these clouds might extend out perhaps 100 A.U. 
so that low-energy cosmic-ray particles would have a very difficult time in 
reaching the earth. Thus, there would be a reasonable explanation for the 
“‘Iknee”’ of the latitude curve at high altitudes, i.e., the apparent absence of 
low-energy particles during an active period of the sun. When the sun is inac- 
tive these clouds would presumably disappear, and the earth would receive 
the full intensity of cosmic rays as they exist in our region of the galaxy. The 
time lag cannot be large, however, for experiment shows that there is no 
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more than several months’ difference in time between a solar maximum or 
minimum and the corresponding minimum or maximum, respectively, in 
cosmic rays. 

In such turbulent clouds, it might take hours or days for low-energy 
particles to find their way into the center. Further, it seems there is no 
reason why the energy distribution of the low-energy particles should remain 
the same as the diffusion takes place from one region to another. Thus, it 
may not be unreasonable that the low-energy particles might decrease in 
number from one day to the next and those of somewhat higher energy show 
the opposite effect. This is apparently what happened at high altitudes at 
Thule, Greenland during the two days, August 7 and 9, 1955. In Figure 5 
it will be observed that an August 7 low-energy particles were present that 
caused the curve at the highest altitudes to turn up. On August 9, these low- 
energy particles were largely missing but those of higher energy were causing 
curve B to lie above A deeper in the atmosphere. 

The correlation of cosmic rays with solar activity immediately relates 
the study of their fluctuations to other geophysical phenomena under control 
of the sun. Some of these other fields, study of which is likely to shed some 
light on the problem, are the aurora, the ionosphere, the light of the night 
sky, ‘‘whistlers,’’ the magnetic field of the earth both at high and low alti- 
tudes, and perhaps also the study of comet tails, for their behavior seems to 
have some bearing on the matter streaming through them. The important 
correlations to look for initially would be changes during the solar cycle. 

Many problems are posed by the variability of cosmic rays. Depending 
on the assuracy of the experiment, the results obtained at one time may not 
be comparable with those at another; an agreement may be quite fortuitous. 
In general, the composition of the primaries is known, but there is very little 
information on how it changes during a solar cycle or how the distribution 
of energy changes for the various nuclei represented. The availability of 
satellites which should be able to transmit cosmic-ray data over long periods 
of time may help solve some of the problems. 


ORIGIN OF COSMIC RAYS—A FEW REMARKS 


It is not intended here to go into the whole subject of the origin of cosmic 
rays, which would be much too broad for the present purpose. We shall 
consider first the arguments for and against the sun being an important 
source. Following this, a few comments on the present ideas about the origin 
of cosmic rays will be made. The reader who wishes to go into the subject 
in more detail is referred to: (a) the original article by Fermi (42) on a possi- 
ble accelerating mechanism of charged particles in interstellar space; (b) an 
extension by Fermi (43) of the original version of his mechanism; (c) a review 
article by Rossi (44) which carries the ideas of the origin of cosmic rays up 
to 1953; (d) areview by Ginzburg (45) of the thinking of the Russian workers 
up to 1956; (e) a similar review by Morrison (46) which carries the subject 
through 1956 and includes many interesting ideas. 

The original concept of Millikan and others that cosmic rays are really 
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cosmic was based largely upon the absence of a diurnal effect as it was then 
determined. When measurements with ionization chambers, carried to high 
altitudes by balloons, showed that the energy brought to the earth by cosmic 
rays was about equal to that of all radiant energy from the stars, people 
began to realize that whatever the mechanism was which gave rise to so 
much energy it must play an important part in the universe and must be a 
necessary part of any satisfactory cosmology. The large amount of energy in 
cosmic rays led some to look very seriously to the sun as a source, since in 
this case there is no lack of local energy available. The difficulty came in 
finding an accelerating mechanism that would satisfy the requirements. 

One of the obvious conditions that any theory of the sun as the principal 
source must satisfy is the experimental fact that the diurnal effect is very 
small. What is usually done is to invoke some kind of storage mechanism to 
average out the fluctuations which would normally exist if the sun were a 
source. This storage region might, for example, take the form of the cosmic- 
ray “hohlraum”’ proposed by Davis (47) in which he assumes that the con- 
ducting matter ejected from the sun pushes back the uniform galactic mag- 
netic field in our neighborhood until the pressures are equalized. Except for 
necks in the directions of the galactic field, the walls of the region would act 
as reflectors of charged particles inside, provided their momenta did not 
exceed certain values. If this storage is for any length of time, as it must 
be if the sun is to be a more potent source during an active period than when 
it is quiescent, then it is difficult to account for the inverse relationship be- 
tween solar activity and cosmic-ray intensity as it is found experimentally and 
discussed in the section on Fluctuations in the Primary Radiation. 

Alfvén (48) has explored the possible accelerating mechanisms in the 
neighborhood of the sun probably more than anyone else. He envisions 
streams of conducting matter being ejected from the sun, which, in streaming 
across an assumed general solar magnetic field, become polarized. This elec- 
tric field, vx B, would integrate to a very large potential difference across 
a stream of the order of an astronomical unit in width. High-energy charged 
particles, going in cycloidal paths around the sun, would presumably be ac- 
celerated in passing through such a streaming mass of conducting material. 
The reader is referred to the article cited in the bibliography for further 
details. 

There are several objections that may be raised about the solar origin of 
cosmic rays (more accurately they would not be cosmic rays in that case), 
and, in particular, about the suggestions put forth by Alfvén. (a) Measure- 
ments of Babcock et al. (49) have shown that the general magnetic field of 
the sun is only about 1 gauss at the poles. It is essential for Alfvén’s theory 
that the general field be something like 10 times this. (b) Further, no one has 
suggested an accelerating mechanism that would be more effective, either in 
the chromosphere or the corona of the sun, during a period of minimum 
activity of the sun as compared with the times when the sun is most active. 
(c) No one has proposed that the particles of energies 10" ev and above are 
of solar origin (and it would be very difficult to have particles of even 10" ev 
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generated). It would seem rather fortuitous that an energy distribution of 
a local source would fit on smoothly to that of a galactic source. (d) It now 
appears that the elements Li, Be, and B in the primary particles have nearly 
the same abundance as the C, N, and O group. Since the solar abundances 
of these light elements are very much smaller than are those of the medium 
group, their presence must be accounted for by the spallation of the heavier 
nuclei. But, it is likely that the source of these high-energy particles is not 
close to the photosphere of the sun, because one might reasonably expect 
the accelerating mechanism to be accompanied by some kind of visual dis- 
turbance. On this basis one would, therefore, look to the corona as a possible 
source where magnetohydrodynamic effects could be operative. The mass of 
gas between the earth and the source, in this case, is probably no more than 
10-7 gm. cm.~?, so that the heavier nuclei would need to go many astronomi- 
cal units to pass through the few grams per cm.” of matter that would be 
necessary to account for the observed abundance of Li, Be, and B in the 
primaries. (e) Lastly, if such acceleration of particles were taking place in 
the corona of the sun, and particularly if this were a more potent source 
during a solar minimum than during a solar maximum, more radio noise 
would be expected from the corona during a quiet period of the sun than 
when it is active. Just the opposite is observed. 

Going on the assumption that cosmic rays come from beyond our solar 
system, there are, at least, the following experimental facts to fit into any 
theory of origin and acceleration: (a) An inverse power-law energy distribu- 
tion with an exponent which varies slowly with energy (viz., E~") holds 
above about 10° ev. (b) This energy distribution breaks down at the lower 
energies and, while protons of about 108 ev are present, their numbers are 
much less than what might be expected. There also appears to be a difference 
in the spectrum of a-particles and protons at the lower energies which can 
not be accounted for in terms of rigidity requirements or in terms of absorp- 
tion in the atmosphere. (c) Energies of the primaries extend beyond 10'* ev 
and the highest single event so far measured is about 10!° ev or over 1 joule 
of energy. (d) There seems to be very little, if any, anisotropy of the pri- 
maries from the lowest up to the highest energies which can not be explained 
in terms of solar influences. (e) The energy density of cosmic rays in space 
is about equal to the radiant energy from the stars, namely, about 0.5 ev 
cm.~*, (f) There appear to be no high-energy electrons or y-rays in the pri- 
maries, certainly no more than 1.0 per cent of the positive particles. (g) The 
chemical composition corresponds roughly to the natural abundances of the 
elements, but there are two outstanding exceptions: (7) The nuclei of Li, Be, 
and B are roughly equal in numbers in cosmic rays to C, N, and O, but are 
less by a factor of 10’ in the natural abundances (16). (17) The heavier nuclei, 
i.e., Z= 10, are several times more abundant compared with the C, N, and O 
group in cosmic rays than in the natural abundances (14). (%) In the C, N, 
and O group of elements, carbon seems to be relatively several times more 
numerous in cosmic rays than in the natural abundances (14). 

There will undoubtedly be other experimental facts emerging as more in- 
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formation is gathered about the primaries. The energy distributions of the 
various nuclei at both the low- and high-energy ends of the spectrum are 
very inadequately known at the present time. It is also not clear whether 
the full intensity of cosmic rays which exists in interstellar space really 
reaches the earth during very low solar activity. It appears, however, that 
the major characteristics of the primary cosmic rays are included in the above 
statements. 

The relatively large amount of Li, Be, and B in the primaries argues 
strongly for a break-up of heavier nuclei in colliding with interstellar matter, 
mostly hydrogen. Assuming a zero abundance of these elements at the source, 
Koshiba, Schultz & Schein (14) estimate that the heavier nuclei have been 
traveling for 5.310° years through the interstellar gas (1 hydrogen atom 
cm.~* on the average). This time makes understandable the total energy in 
cosmic rays, because it now appears that interstellar matter is tied together 
with more or less chaotic magnetic fields, and that the original particles 
may spend 10‘ times as much time in their wanderings as they would take if 
their paths were straight, gaining or losing energy by the Fermi process. 
Thus, the energy density may be much higher than if the particles traveled 
in straight lines. This diffusion process completely mixes up the directions 
so that the isotropy also becomes understandable. 

The relatively large numbers of heavy nuclei in the primaries, including 
the high proportion of carbon, argue for certain kinds of stars being the 
primordial source of the nuclei. [For a very complete discussion of the syn- 
thesis of elements in the stars the reader is referred to Burbridge e¢ al. (50).] 
It was suggested in 1934 by Zwicky (51) that supernovae might be the 
source, and he discussed certain mechanisms. The study of the remnants of a 
supernova called the Crab nebula, by Oort & Walraven (52), has shown 
that it possesses some remarkable properties. The high degree of polarization 
of the continuous light from this object argues strongly for a fairly uniform 
magnetic field extending over a distance of a fraction of a light year. The 
polarized light presumably comes from synchrotron radiation resulting from 
electrons accelerated in orbits about the magnetic field. Since these electrons 
would soon lose their energy they must be replenished. This might well be 
the result of nuclear collisions of protons going in similar orbits. These col- 
lisions would form mw-mesons, which, in turn, would give rise to electrons. 
The Crab nebula is also the third strongest source of radio noise in the sky, 
and it is thought that this noise has the same source as the continuum in the 
visible spectrum, namely, it is the long wavelength end of the synchrotron 
radiation. It thus seems likely that objects like the Crab nebula are not only 
sources of high-energy particles, which presumably leak out of the system 
as time goes on, but that they are also sources of magnetic fields in the galaxy 
as they continue to expand into space. 

Since the whole energy of the universe is ultimately derived from nuclear 
energy, there seems to be no lack of energy available in supplying what is 
needed for the turbulent gas clouds in interstellar space, the magnetic fields 
associated with them, the energy going into radio noise, cosmic rays, and, 
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of course, the energy of the stars themselves. The problem at the present 
time is to describe in detail the various processes that are known to occur, 
in such a way as to make a self-consistent picture. 

It is possible that individual stars are the original sources of the nuclei. 
If so, they must be much more potent than our sun since its total energy out- 
put in the form of high-energy particles is many times less than its light out- 
put. Furthermore, if a mechanism akin to that suggested by Fermi is to 
take over the accelerating process, the original source must inject the parti- 
cles with a certain minimum energy; otherwise the losses by ionization will 
be greater than the gains. In Fermi’s original suggestion (42) this minimum 
energy for iron nuclei was estimated at 3000 Bev. Modifications to Fermi’s 
mechanism have been proposed which are more rapid than his original model 
and hence require less injection energy. But one must not lose sight of this 
requirement and how it can be reconciled with the relatively large abun- 
dances of heavy nuclei in the primaries. Babcock (53) has suggested that 
stars with varying magnetic fields, of which there are large numbers, may 
be sources of high-energy particles. While the possibilities are certainly 
present, the details of how particles are accelerated to the necessary energies 
are still obscure. 

The link between radio noise and polarized light from the Crab nebula 
by means of synchrotron radiation and the strong evidence for high-energy 
particles, even though the exact mechanism may not be known, has suggested 
that the nonthermal radio noise comes from synchrotron radiation. The 
noise coming from the halo of the Andromeda nebula is of this type and pre- 
sumably our galaxy also has a halo. This brings up the question of storage of 
particles in the turbulent magnetic fields and gases that make up the halo— 
an idea that is discussed by Morrison (46). Many radio sources cannot be 
identified with specific visual objects, and the question arises as to whether 
these regions may not be important sources of cosmic rays. Some very strong 
radio noise sources can be identified visually, and photographs taken with 
the large telescopes usually show something violent taking place. The reader 
is referred to the review article by Morrison (46) for a discussion of one of 
the more striking objects in the photographs taken by Baade (54). 

Burbridge (55) has called attention to the conditions existing in the 
Coma cluster of galaxies and has found that the acceleration of particles near 
the center of the system to energies of 10!* to 10?° ev should be possible by 
means of the Fermi mechanism. It is quite likely that the Fermi mechanism 
is too slow to be effective in interstellar space, and one must look to a Fermi 
acceleration process operative in supernovae and other objects of a peculiar 
nature that are emitting large amounts of synchrotron radiation. 


CONCLUSION 


The present problems in the field of cosmic rays divide themselves into 
two categories: (a) those having to do with solar influences and (b) those 
having to do with their origin. 
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On their way to the earth, cosmic-ray and solar-flare particles act as 
probes, giving us information on the regions through which they have passed. 
This information has to do both with the earth’s magnetic field and with the 
regions of the solar system beyond. A matter of some urgency at the present 
time is to fix as accurately as possible the effective geomagnetic coordinates 
of the earth’s field, in order that a better analysis of the primary radiation 
itself may be made. It may be that the earth’s field is modified at some 
distance away by the magnetic fields associated with the turbulent clouds 
that come from the sun. If so, it may require several solar cycles to separate 
out the two effects. 

While these high-energy charged particles are the only known probes of 
the magnetic fields of the solar system, there are many geophysical and other 
phenomena that depend on solar activity and, hence, the state of and the 
amount of matter in the vicinity of the earth. Thus, the sun’s corona may 
be regarded as extending to and beyond the earth’s orbit. The problem is to 
fit all of the known phenomena into a consistent whole. 

The change with time of the composition of the primaries, as well as their 
energy distribution, are not well known at the present time. It is sometimes 
stated that the various nuclei show the same rigidity cut-off at the low 
energy end of their spectrum, thus indicating that magnetic fields are re- 
sponsible. Such a statement needs to be viewed with some caution. The 
evidence is that it was not true at the last solar minimum. 

As to the origin of cosmic rays, it now appears that they are intimately 
tied up with the dynamics within our galaxy as well as other galaxies. While 
Millikan’s ideas that cosmic rays are the birth or death cries of the atoms 
are no longer tenable, there exists, instead, the possibility of the much 
grander concept that cosmic rays are the evidence of the birth cries, life 
struggles, and death cries of the stars and galaxies. 
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THE RADIOACTIVITY OF THE ATMOSPHERE 
AND HYDROSPHERE!? 


By Hans E. Suess? 
Scripps Institution of Oceanography, La Jolla, California 


INTRODUCTION 


Radioactive nuclear species that occur on the surface of the earth can 
be grouped into three classes: (a) Extremely long-lived species that have 
survived from the time when the elements formed (primary radionuclides) 
and their daughter products (secondary radionuclides). (b) Radioactive 
nuclei that are currently formed in nature, primarily by cosmic-ray induced 
processes. (c) Man-made radioactive substances, such as those produced 
through the testing of atomic devices or in nuclear reactors. 

Radioactive isotopes follow the geochemical behavior of their respective 
elements. They can be used as tracers in the study of geochemical processes. 
If their rates of radioactive decay are comparable with the rates of these 
processes, then the possibility exists of determining the rate of the geo- 
chemical processes through the measurement of radioactivities. The long- 
lived radioactive species of class (a) have proved extremely useful for geologic 
age measurements and the study of geologic processes of a time scale of 
millions of years. Phenomena occurring in the atmosphere and hydrosphere, 
such as mixing and chemical transfer, will occur with time scales rarely ex- 
ceeding a few thousand years. For their study activities of relatively short 
half lives will be useful. 

It appears now that both the hydrosphere and the atmosphere have to 
be treated as consisting of at least two parts, between which transfer and 
exchange of material is relatively slow. One may consider two atmospheric 
reservoirs: the stratosphere, containing about one-sixth of the atmosphere 
by weight, and the troposphere. The two marine reservoirs are: the so-called 


‘ The survey of literature pertaining to this review was completed in April, 1958. 

® The following abbreviations are used throughout the text: curie=c; disintegra- 
tions per minute=d/m; half-life=T4; millicurie=mc; microcurie =yc; micromicro- 
curie=pyc; mile=mi.; square centimeter of earth’s surface=cm.?; sunshine unit 
=SU; tritium unit=TU. 

The following conversion factors will be found useful: 1 c=2.22X10" d/m; 
lupo =2.22 d/m; 1 mc/mi.*=0.0856 d/m per cm.?; 1 wc/10® cu. ft. =78.5 d/m per m3; 
Ipuc/gal. (U.S.)=0.59 d/m per liter; 1 megacurie distributed uniformly over the 
whole earth =0.435 d/m cm.,?; 1 TU (1 T atom per 10'* H atoms) =6.6 d/m T per 
liter HzO; 1 SU =2.22 d/m Sr® per gm. Ca. 

* Contribution from the Scripps Institution of Oceanography, New Series. This 
paper represents in part results of research carried out by the University of California 
under contract with the Office of Naval Research and the Atomic Energy Commission. 
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mixed layer, i.e., water above the thermocline which represents about one- 
fortieth of the total ocean water, and deep ocean water. 

For the study of mixing phenomena between these reservoirs, the dis- 
covery of cosmic-ray produced radioactivities has opened a wide field of new 
possibilities. The most important of these activities is undoubtedly carbon 14 
found to occur in nature by Libby (1) in 1948. A few years later natural trit- 
ium was discovered by Libby (2) and co-workers and independently by 
Faltings & Harteck (3). The relatively large amounts of artificially produced 
tritium released during the past years into the atmosphere have now ob- 
scured the original natural tritum distribution. Fortunately, earlier measure- 
ments by Libby and co-workers (4, 5) answer most of the questions relative 
to natural tritum. Following the work of Libby, several investigators have 
now found a number of additional radioactive nuclear species currently 
produced by cosmic rays in nature. With respect to the cosmic-ray produced 
as well as to the artificially formed radioactive nuclei, two types of quantities 
are primarily of interest: (a) concentrations and (b) production and fallout 
rates. Concentrations of radioactivities are usually given as disintegrations 
per unit of time per amount or volume, or curies per amount or volume. 

In general, it is necessary to use refined experimental techniques for 
measurements of low-level activities present in nature. A previous article by 
Anderson & Hayes (6) summarizes recent advances in these techniques. 
Libby’s method of subtracting the u-meson background by anticoincidence 
counting is generally applied for 6-counting. Comparable sensitivities can be 
achieved for the measurement of y-activities by use of scintillation counting 
techniques, preferably with multi-channel instruments. 

The review article by Kohman & Saito (7) on radioactivity in geology 
and cosmology contains more general information on properties and occur- 
rence of radionuclei in nature. The following paper can only give a brief 
account of the nature of geochemical, meteorological, and oceanographic 
problems involved in the interpretation of the distribution of radioactivity 
in the atmosphere and hydrosphere of our planet. It attempts to facilitate 
the selection of the original literature for further study. 


PRIMARY RADIONUCLIDES AND THEIR DAUGHTERS 


Table I lists the concentrations of the extremely long-lived nuclides in 
ordinary standard sea water (salinity, 3.5 per cent) according to the most 
recent measurements. This table does not include the radionuclides Sm'*’, 
Lu!l”*, La!88, and Re!8’, The concentrations of these elements are not well 
known. The relatively high solubility of uranium in sea water is due to 
carbonate complexing. The solubility of thorium appears to be much smaller. 

The upper limit of the thorium concentration listed in Table I is based 
on two determinations of Pacific Ocean water by Sackett, Potratz & Gold- 
berg (8). Radioactive tracer techniques using Th™4 were employed. The 
uranium values given in Table I are those of Rona, Gilpatrick & Jeffrey 
(9) who employed a mass-spectroscopic isotope dilution technique, with U*%s 
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TABLE I 


AVERAGE CONCENTRATIONS OF RADIOACTIVE ELEMENTS IN SEA WATER 








Concentration 








Ele- — — Isotope bd d/m liter parma 
ment g/g* mol. /liter 1 “y- ence 
Th <5X10 <2X107-" Th? 13.9 <0.01le (8) 
U 3.3X10~ L.5sxe U3 0.71 0.23a 
U8 4.51 Sa (9) 
K 3.8X1074 1xX107? kK‘ Ld 4708 +7 (7) 


Rb 1.211077 1.35107 Rb*? 59 5.38 (10) 





* Grams of element per gram of sea water. 


as spike. These authors obtained, for five samples from the Atlantic and the 
Gulf of Mexico and for one from the Pacific Ocean, values ranging from 3.19 
to 3.45 ug./liter of sea water, with an average as given in Table I. The new 
rubidium value of Smales & Webster (10) was also determined by means of 
stable isotope dilution. 

Table I does not contain the daughter products of uranium and thorium 
which behave in a rather complex way. The low solubility of thorium causes 
Th*° (ionium, half life 80,000 years) to precipitate with thorium in a time 
which is short compared to this half life. Urry (11) was the first to attempt 
to use the ionium concentration in deep-sea sediments for estimates of the 
rate of sedimentation. However, the ionium concentrations were derived by 
measuring its daughter radium and by assuming radiogenic equilibrium be- 
tween ionium and radium. It was shown by Arrhenius & Goldberg (12) that, 
after deposition, radium migrates into certain minerals and, therefore, may 
not always remain in the layer of deposition. Radium also redissolves in 
part with the calcium and goes back into the deep ocean water. This fact was 
shown by Koczy (13) who found deep ocean water richer in radium than the 
ocean water in higher layers. Ionium dates of ocean sediments based on 
radium measurements will, therefore, frequently not be reliable. Such dates 
can only be accepted after a detailed study of various factors. 

Direct measurements of the ionium concentration in sediments by assays 
of thorium and of its isotopic composition were first attempted by Picciotto 
& Wilgain (14). More recently, more extensive measurements have been 
made by Goldberg & Koide (15) leading to reliable values for deposition 
rates of sediments. 

Blifford et al. (16) have recently carried out new measurements of at- 
mospheric radon and thoron concentrations in different parts of the world. 
The radon concentration is about one order of magnitude higher over con- 
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tinental areas than over the oceans. It varies with the nature and condition 
of the soil. The concentration of thoron (T} =59 sec) is about a factor of ten 
smaller than the concentration of radon. The results of Blifford et al., agree 
with early measurements of Benndorf & Hess (17), but are lower than those 
reported by Israel (18). A few of Blifford’s measurements are listed as 
examples in Table II. The values represent daily averages at approximately 
1600 local time. A diurnal cycle in the radon concentration was found to 
exist at all locations. This observation agrees with previous findings of 


TABLE II 


AVERAGE CONCENTRATION OF RADON AND THORON IN AIR FROM MEASUREMENTS 
BY BLIFFORD et al. (16) In 1950 AND 1951 











d/m per meter*® 











Place - en 
Radon Thoron 

U.S.A. 

Washington, D. C. 100 4 

Chicago, III. 50 5 

West Coast 10 0.6 
Puerto Rico 0.2 0.07 
Pacific Islands 1.5 low 
North Africa 17 5 
Alaska 7 o4 





Wilkening (19). The causes of these effects have not yet been investigated 
in detail. Pronounced seasonal variations were observed also. Decay prod- 
ucts from radon and thoron in rains have been studied by Damon & Kuroda 
(20). The concentration of radionuclides produced by spontaneous fission of 
U*8 in the atmosphere and hydrosphere is today many orders of magnitude 
below the limits of detection because of the presence of much larger quanti- 
ties of artificial fission products. 


Cosmic-RAy PRODUCED RADIOACTIVITIES 


The amount of radioactive particles produced by cosmic-ray events iS 
proportional to the incoming cosmic-ray flux and shows the same dependence 
on geomagnetic latitude as does the cosmic-ray intensity. The difference in 
the production rate per cm.,? between geomagnetic equator and poles is ap- 
proximately a factor of four (21). The average number of primary cosmic-ray 
particles that hit the earth is of the order of one per cm.? and per second. The 
possibility of secular variations in the cosmic-ray intensity resulting from 
changes in the magnetic field of the earth and the possible effects of such 
variations on the radiocarbon inventory have been discussed by Elsasser, 
Ney & Winckler (22). The number of nuclei of a certain nuclear species 
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formed by cosmic rays can sometimes be estimated from star production 
rates in nuclear emulsions or from yields in high-energy experiments (23). 

Carbon 14.—An account of the production and distribution of natural 
radiocarbon has been given in a previous article by Anderson (24) in 1953. 
The atomic C produced by (, p) reaction on N" is oxidized in the atmos- 
phere to molecular CO,. The possibility has been discussed by Harteck (25) 
that this oxidation is slow and that the C remains in the form of carbon 
monoxide for many years before the oxidation is completed. Experimental 
proof of such delay in the oxidation will be difficult to obtain because of the 
presence of man-made carbon monoxide in the atmosphere. 

Since 1954 noticeable amounts of artificially produced C™ have been 
added to the atmosphere. The following applies to the situation before arti- 
ficial C4 became significant: 


TABLE III 


AMOUNT OF CARBON IN THE VARIOUS EXCHANGEABLE RESERVOIRS (1) AS 
REVISED IN (28) 








Carbon content 





Reservoir , 
gm. percm., 
Atmospheric CO; 0.126 
Terrestrial biosphere (living) 0.06 
Humus 0.215 
Marine biosphere 0.002 
Dissolved organic matter in sea 0.533 
Total inorganic carbon in sea 6.94 





Total exchangeable carbon 7.88 





Table III lists the so-called reservoirs into which C" is distributed and 
the amounts of carbon present in each reservoir (1, 26, 27, 28). As a first ap- 
proximation, one may assume that the distribution of C' into these reser- 
voirs will occur within a time which is short compared with the average life 
of C4, i.e., 8000 years. If this assumption is made and if isotope fractionation 
effects are neglected, a constant C“4/C! ratio is to be expected for all the dif- 
ferent reservoirs. Actually, minor deviations (of the order of a few per cent) 
from a completely uniform C“/C ratio occur for two reasons: (a) The equi- 
librium distribution is not quite uniform because of mass dependent terms 
in the thermodynamic constants for isotope exchange. (b) The exchange and 
transfer rate of COz between the reservoirs is not infinitely fast compared 
with the average life of C™. 

For the carbonates of surface ocean water these two effects just happen 
to cancel each other almost completely. Marine beach shells show the same 
C'4/C" ratio within one per cent as organic terrestrial plant material, if one 








248 SUESS 


corrects for effects from industrial fuel combustion (see below), although the 
C8/C” ratio is about 2.5 per cent higher in carbonate than in wood (29). 
This difference of 2.5 per cent in the C!8/C" ratio corresponds to a difference 
of 5 per cent in the C!4/C ratio and shells should therefore show a specific 
C' activity about five per cent higher than that of wood of the same age. 
Actually, no significant difference in the C™ activity of shells and wood is 
found, and therefore one may say that marine surface material has an ap- 
parent age of about 300 or 400 years. This fact can be used for estimating 
the residence time of CO, in the atmosphere before it becomes dissolved into 
the sea. 

If one assumes that mixing within the ocean is fast compared with 400 
years, or, in other words, that the average carbon in the ocean shows an 
apparent age of 300 to 400 years, then the residence time (7,) for the carbon 
in the ocean would be about 300 to 400 years and for the atmosphere (7.<) 
about five to seven years. Slower mixing would make these residence times 
correspondingly larger. The residence time (7) is defined as the amount of 
carbon in a reservoir divided by the amount transferred into other reservoirs 
or exchanged with the carbon of other reservoirs per year. 

Values for 7, can be obtained in an entirely different way by considering 
the effect of industrial fuel combustion on the specific C™ activity of carbon. 
Between the end of the nineteenth century and 1950, approximately 12 per 
cent of the CO: present in the atmosphere was added to the atmosphere. This 
was CO, derived from the combustion of fossil fuel, and was, therefore, free 
of C'*, If none of this CO, had been absorbed by the oceans, or had equi- 
librated its isotopic composition with other reservoirs, then the specific C™ 
activity of wood grown in 1950 should be about 12 per cent lower than that 
of wood grown before the beginning of the industrial revolution. Exchange 
with the carbon of the terrestrial biosphere could lower this effect by not 
more than a factor of two. The actual decrease in the specific activity of 
wood since the nineteenth century has been measured by Suess (30), Hayes, 
Anderson & Arnold (31), Williams (32), and Fergusson (33). A decrease has 
been observed by all authors and values have been obtained ranging up to 
four per cent. The high values, however, undoubtedly arise from local con- 
tamination of air masses near industrial centers. It seems now fairly well- 
established that the world-wide C™ depletion of atmospheric carbon dioxide 
in 1950 was about 1.75 per cent. Fergusson gives for this quantity 2.03+0.15 
per cent for 1954. The effect is the same within 0.5 per cent in both hemi- 
spheres. Fergusson (33) , therefore, concludes that atmospheric mixing across 
the equator occurs within less than two years. 

From these data the rate of uptake of CO, in the oceans can be calculated 
and a value of about seven years is obtained for the residence time 7, of 
CO, in the atmosphere if fast mixing is assumed in both reservoirs. This 
value, however, is to be taken here as an upper limit, because slow mixing 
of the top layer of the oceans above the thermocline into deeper water masses 
would lead to a shorter residence time of CO, in the atmosphere. Revelle & 
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Suess (26) conclude from the empirical data available that the residence 
time of CO, in the atmosphere before it is dissolved in the sea, 7, , must be 
of the order of ten years. It is at present hardly possible to give a more exact 
figure for 72, because the processes which have to be considered for a more 
accurate calculation seem to have rate constants of comparable orders of 
magnitude. In particular, the overturn time of the terrestrial biosphere and 
the mixing rate through the marine thermocline are presumably also of the 
order of magnitude of ten years and are not well-known. 

Attempts to obtain a more accurate figure for 7, from detailed calcula- 
tions that include estimates on the rate of internal ocean mixing were made 
by Craig (28) and by Fergusson (33). Craig gives t; = 7 +3 years on the basis 
of a specific ocean model and independently by comparing the observed C™ 
activities with the estimated cosmic-ray production rate of C'*. Fergusson 
obtains t,=2 years, a result inconsistent with the lower limit derived from 
the apparent age of surface sea carbonate. 

Over the past 50 years a decrease of the order of one per cent in the C'* 
activity of marine carbonates has been observed by Williams (32) and by 
Rafter (34). This small effect from industrial fuel burning on marine surface 
carbonate is of the expected magnitude. 

Measurements at the Lamont Geological Observatory (35) show the 
existence in the Atlantic of deep water masses with an apparent C" age of 
more than 1000 years relative to surface water. Fergusson & Rafter (36) 
obtained similar results for the South Pacific. More experimental results 
will be needed for a conclusive interpretation of the picture. 

Tritium.—The concentration of the hydrogen isotope, tritium, in rains 
and surface waters is commonly given in tritium units; one tritium unit is 
the concentration corresponding to a T/H ratio of 10~8. Surface ocean water 
and oceanic rain contain in general about one TU of natural tritium, whereas 
the tritium concentration in rain over continents, in rivers and lakes is of the 
order of several TU. Since about 1954 these amounts have been radically 
changed by the addition of artificial tritium into the atmosphere. Fortu- 


TABLE IV 


AVERAGE NATURAL TRITIUM CONCENTRATIONS (PRE-1954) ACCORDING TO 
Lipsy et al. (4, 5, 38) 











Material T/HX10'8 
Ocean surface water ~1 
Marine rains ~1 
Chicago rains 7.8 
Mississippi River (St. Louis) 0 
Lake Michigan 6 


6 
1 
French and Italian wines (corrected for T decay) 4 
Antarctic snow 16 
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nately, a sufficiently large number of tritium measurements exist on samples 
collected prior to 1954 which give a fairly complete picture of the occurrence 
of natural tritium. Measurements of natural tritium are still possible by the 
application of Libby’s idea of using vintage wines as a source of water of a 
known age from the time before artificial tritium contamination became 
important. Also Arctic and Antarctic ice contains a record of tritium con- 
centrations from previous times. 

As an air mass moves over a continent, its tritium content increases 
because of an addition of newly formed tritium to the atmosphere and lack 
of drainage into the ocean. In the evaluation of this effect, the steady-state 
conditions of the tritium in the water vapor of the air, in the ground water, 
in lakes, and in rivers have to be considered with respect to incoming and 
outgoing amounts across the continental boundaries. 

A material-balance study of tritium in the water vapor over a continent 
gives the cosmic-ray production rate of tritium in the atmosphere. Earlier 
estimates (4, 5) seem to indicate a production rate 0=0.14 T/cm.? sec. in 
agreement with estimates from nuclear production cross sections and cosmic- 
ray intensities. However, Craig (37) has drawn attention to the fact that 
the results of Kaufman & Libby (4) and von Buttlar & Libby (5) can only 
be interpreted in a consistent way by assuming a considerably larger value 
of Q. This conclusion follows from a more detailed discussion of meteoro- 
logical data, as well as from the interpretation of tritium measurements of 
surface ocean water, with the assumption that mixing times are in agreement 
with the observed C" distribution. 

According to Begemann & Libby (38) a higher @) value is also in agree- 
ment with more recent observations of the behavior of artificial tritium on 
the North American continent. Their data on artificial tritium give residence 
times for tritium in various continental water bodies that can be used for 
calculating a) from the data on the distribution of natural tritium. Begemann 
and Libby conclude that about one tritium atom/cm.,? sec. must reach the 
surface of the earth. The discrepancy of such a Q value with the value 0<0.4 
derived from tritium production cross sections was taken by Feld (64) 
and by Craig (37) as an indication that tritium from the sun’s surface might 
be accreted by the earth. If most of the tritium came from extraterrestrial 
sources, then an influx of about 1.7 T atoms/cm.,? sec. would have to be as- 
sumed, with about 1.2 atoms/cm.? sec. reaching the earth’s surface (37). 

The earth’s atmosphere contains about 0.5 p.p.m. (by volume) of molecu- 
lar hydrogen. A very remarkable observation was made by Faltings & Har- 
teck (3) who found that this free hydrogen contains over a thousand times 
more tritium than the water vapor in air. Harteck & Suess (39) found that 
the deuterium content of this hydrogen does not correspond to the equilibri- 
um concentration but is approximately the same as in ordinary water. They 
concluded that the hydrogen must be produced photochemically in the 
upper atmosphere. Harteck (40) attempted to explain the high tritium con- 
centration in the free Hg by considering the individual steps in the oxidation 
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mechanism of the cosmic-ray produced tritium atoms to water. However, 
if slow mixing of stratospheric and tropospheric air is assumed, with a 
residence time of stratospheric air comparable to the half life of tritium (see 
below), then it is possible to account for the high tritium concentration of 
the free atmospheric hydrogen by the simple assumption that it reflects con- 
ditions prevailing in the upper atmosphere, where the water vapor concen- 
tration is low and the HTO/H,0 ratio should, therefore, be very high. 

Beryllium 7 and beryllium 10.—The natural occurrence of these isotopes 
was discovered by Arnold & Al-Sali (41) and Arnold (42), respectively, and 
their existence was confirmed by Peters and his collaborators (43, 44). Be’ 
is present in measurable amounts in rains. It can, after chemical separation, 
be identified by its 0.479 Mev y-radiation that occurs in 11 per cent of the 
disintegrations. Be!® was identified in pelagic sediments of extremely low 
rate of deposition, so that the extraction from one single sample contained 
the Be!® deposited during some 100,000 years. 

A careful theoretical study of cross sections for the production of Be’ by 
cosmic rays was made by Benioff (45). From a comparison of Q values thus 
obtained with the empirical ones given by Arnold, Benioff concludes that the 
Be’ formed in the stratosphere does not contribute appreciably to the ac- 
tivity found in rains, and that the hold-up time in the stratosphere must be 
long compared with the Be’ half life of 54 days. This agrees with observations 
on artificial fallout (see below). The washout time of Be’ from the tropo- 
sphere was found to be of the order of a few weeks, again in agreement with 
other evidence. 

Other cosmic-ray produced radionuclides.—The data on other cosmic-ray 
produced activities discovered in rains are most incomplete. The values 
listed in Table V are based on a few measurements of a more or less prelimi- 
nary nature. In most cases more work seems essential to establish conclusive 
evidence. 


ARTIFICIALLY PRODUCED RADIOACTIVITIES 


The man-made radionuclides introduced into the atmosphere and th© 
oceans consist primarily of fission products of U** and Pu®*. Hydrogen bombs 
produce tritium in amounts comparable to or larger than the total inventory 
of natural tritium on the surface of the earth. The radiocarbon concentration 
in the atmosphere has been increased noticeably over the past years. Other 
neutron-induced activities generated by nuclear bombs are relatively small 
but measurable (52). Finally, the presence of transuranium elements in 
H-bomb debris has been reported (53). 

Fission products—Our knowledge of the distribution of artificially pro- 
duced fission products on the surface of the earth is to a large extent based 
on the work of Libby and co-workers. In particular, Sr®® determinations 
have been carried out at the University of Chicago under the name ‘‘Sun- 
shine project” since 1950 (54). 

Libby (55) distinguishes three types of fall-out from atomic weapons: (a) 
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TABLE V 
APPROXIMATE AVERAGE CONCENTRATIONS AND PRODUCTION RATES OF COSMIC- 
Ray PRODUCED RADIOACTIVITIES 



























































| soe | 
ie ee ee | 
. Total 7 
| | sphere 
“P| a2.3y $0100 | 50,000t010 | 100 | 6 | (38) 
Ber | sid | 10t060 | 2,000t06,000 | 6.3| 1.3 | (1,43) 
6 Be | 2.7108 | in deep sea sediments | : ray ‘| 42,44), 
u | s570y | Spec woe ee 
& | 5570y | Spec. og per migaaae | 150 (46) 
Na® | 2.6y | ~0.02 |  ~40 = fl an 
pe | 145d | | ~40 | || 4g 49)” 
ps | asa | Nos | fC ee ees 
ss | 87d ~2 | ~o | | | oo, 
cw | ssmn | so | 25 | | | oH 








local fall-out, (b) tropospheric fall-out, and (c) stratospheric fall-out. The local 
fall-out is mainly caused by settling of large-sized particles and covers con- 
siderable areas near test sites. The second type is due to relatively small-sized 
particles that are not carried into the stratosphere but remain in the at- 
mosphere until they settle out or are brought down by rains. This type of 
fall-out tends to remain in the same general latitude as the test site, but may 
circle the earth several times before it is precipitated. Practically all the 
tropospheric and stratospheric fall-out is brought down by rain (58). 

The stratospheric fall-out amounts to about half or more of the total 
activity produced, depending on firing conditions. Libby finds that the 
average time this material stays in the stratosphere is of the order of 10 
years. Only about 10 per cent of the stratospheric radioactivities descend per 
year into the tropopause, where they are washed out within a few weeks by 
rain. A theory of the mechanism of the precipitation of fall-out material by 
rain has been developed by Greenfield (56). The stratospheric fall-out is the 
part that produces world-wide effects. It is not well-known yet whether this 
fall-out is roughly uniform, or whether the downward mixing from the strato- 
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sphere is much more rapid at high latitudes or along the jet stream belt, as 
might be expected from meteorologic considerations discussed by Machta 
(57). 

A general consequence of the slow mixing of the atmosphere through the 
tropopause is a piling up of certain activities produced or introduced in the 
stratosphere. According to Libby (58) the average concentration of Sr in 
stratospheric air per unit of mass is about two orders of magnitude higher 
than that in tropospheric air. Evidence from T and C" data, and considera- 
tions by Benioff (45) regarding Be’, also indicate such a situation. The slow 
mixing, however, is unexpected from the point of view of other meteorologic 
evidence and presents a new and serious meteorologic problem. 

In general, no effects of chemical separation of solid fission products can 
be observed, so that their relative concentrations can be calculated fairly 
accurately from the respective fission yields and half lives, if the time of 
origin is known. In turn, observed ratios of amounts of fission products with 
different half lives allow the calculation of the age of the fall-out sample and 
the distinction between stratospheric and tropospheric fall-out. For such de- 
terminations the measured ratio of Sr8* (51d) to Sr® (28y) or that of Ba‘ 
(12.8d) to Sr®° is frequently used. Libby expects that further measurements 
of this type will answer the question of whether the relatively high fall-out 
along a belt between 35° and 55° north latitude is mainly due to tropospheric 
fall-out from tests conducted in this range of latitude, or to the increased rate 
of downward mixing from the stratosphere in higher latitude or along the 
path of the jet stream and the relatively high precipitation in this range of 
latitude (58). Libby estimates for December 1957 a total world-wide strato- 
spheric fall-out of Sr®*° of the order of 0.25 d/m per cm.,”. For certain latitudes 
the addition of tropospheric fall-out increases this number. The Sr®® fall-out 
reached maximum values around 45° north of the order of 2.5 d/m per cm.?. 

The amount of fission products in surface ocean water depends on the 
amount of fall-out that the particular location has received per unit of surface 
and on the rate of mixing of the surface ocean water into deeper layers. It 
is generally assumed that the ocean mixes fast down to the inversion layer, 
the so-called thermocline, which is at an average depth of about 75 meters. 
Additional information on the rates of mixing can be expected from further 
analyses. Sr®® determinations have so far given values ranging between 0.01 
and 0.3 d/m per liter of sea water (54, 59). The situation in the oceans, how- 
ever, is complicated by the uptake and enrichment of many elements by 
marine organisms (52). 

Kr® (10.4y) represents a special case among the fission products. As inert 
gas it remains in the atmosphere. The only data on Kr® in air in the literature 
are those of de Vries (60) who found that a sample of krypton, collected in 
March 1955, showed an activity of 25,000 d/m per mole of krypton. This 
corresponds to about 1.1 d/m per cm.’ of krypton, or 1 d/m per one cubic 
meter of air. In 1957 the Kr® activity in the atmosphere increased to at least 
three times this value (61). Nuclear weapons are not the only source of Kr® 





= 


Seas ae 








254 SUESS 


released into the atmosphere. It can be assumed that most of the Kr® 
generated in nuclear reactors finds its way into the atmosphere. 

Artificial tritium.—A few days after the Castle tests in Spring, 1954, the 
amount of tritium in rains in the United States reached levels close to 1000 
tritium units. At that time it was possible to measure the tritium concentra- 
tion in ordinary tap water without electrolytic enrichment. The measure- 
ments of Begemann & Libby (38) show that over the following weeks the 
tritium concentration leveled off corresponding to a decay curve with a period 
of about 40 days, somewhat longer than the period that would correspond to 
the residence time of water vapor in the troposphere. Rains in the southern 
hemisphere and Antarctic snow did not show any marked increase in the 
tritium concentration. Begemann & Libby (38) assume that most of the 
tritium produced by an H-bomb remains in the troposphere or is brought 
back from the stratosphere in the form of relatively large water droplets or 
more probably ice crystals that settle out much faster than the fine particles 
containing fission products. 

Begemann and Libby estimate that an average of 10° tritium atoms (cor- 
responding to 100 d/m of tritium) per cm.*? have been deposited on the 
northern hemisphere as a consequence of the Castle test. No noticeable 
amount has crossed the equator. At least three more peaks in the tritium 
concentration of rains have been observed during the past years following the 
detonation of hydrogen bombs. 

This artificial ‘“‘tagging’’ of water is being used in the study of ground 
water inventories, continental water balance, mixing rates, and water circu- 
lation patterns (38). 

Artificial radiocarbon. In 1956 Libby (55) anticipated an increase in at- 
mospheric C™ from neutrons produced in atomic bomb testing. Such increase 
has now been observed by a number of investigators. Rafter & Fergusson 
(62) have measured the specific C™ activity of CO: in surface air of New 
Zealand, as well as of wood and ocean carbonates. They found an average 
increase from 1954 until 1957 of about 2.1 per cent per year. A slight indica- 
tion for an increase before 1954 was present in some results obtained in the 
Washington Radiocarbon Laboratory (46) from tree ring measurements. 
Similar results on different materials have been found by de Vries in Holland 
(63), Munnich in Heidelberg, and Williams in Houston (64). The combined 
results show that the artificially produced C™ has by 1957 increased the C™ 
content of atmospheric CO, by about 10 per cent, and hence greatly over- 
compensated for the effect of the combustion of fossil fuels that since the 
end of the nineteenth century has led to a steady decrease in the specific C™ 
activity. 
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INTRODUCTION 


(9), and in the book Nuclear Geology (10). 





are usable for the accurate measurement of geological age. 


Another important discovery, implicit in older work but clearly brought 
out by the measurements of Wasserburg & Hayden (11, 12), was that peg- 
matitic uraninite almost always has concordant U-Pb ages. This fact has 
greatly simplified the problem of establishing the validity of the K-A and 
Rb-Sr methods since the uraninite ages have furnished standards for com- 


parison of ages measured by the newer methods. 


1 The survey of literature pertaining to this review was completed in March, 1958. 
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GEOCHRONOLOGY BY RADIOACTIVE DECAY’ 


In 1907 Boltwood (1) published a list of geological ages based on the 
ratio of lead to uranium in minerals containing uranium and thorium. Al- 
though it was not known at the time that thorium also decays into lead, 
these ages correctly showed that the order of magnitude of geological time 
was hundreds or thousands of million years. The early work of Boltwood 
and others had to be constantly re-evaluated in light of subsequent dis- 
coveries in nuclear physics, e.g., the discovery of the isotopes of lead and 
uranium. While the order of magnitude of the time scale remained unchanged 
it was many years before the problem was sufficiently clarified and the ana- 
lytical techniques were sufficiently refined so that further contributions to 
our understanding of earth history could be made. This early historical 
phase of the work has been reviewed by Knopf et al. (2). The measurement 
of isotopic uranium-lead ages by Aston (3) and Nier (4, 5) was the most 
significant prewar advance, while the postwar period has seen the extension 
of the uranium-lead method to common rock-forming minerals and the 
development of the very important new methods, potassium-argon and 
rubidium-strontium. Recent reviews of these advances have been given by 
Kohman & Saito (6), Ahrens (7), Kulp (8), and Wilson, Russell & Farquhar 


This review will be concerned primarily with developments which have 
occurred in the few years since these other reviews were written. These de- 
velopments have been most striking in the fields of potassium-argon and 
rubidium-strontium dating. Whereas a few years ago these methods were 
‘“‘promising,’’ they have now become the most important methods of mineral 
age determination. Three years ago, the decay constants of neither K* nor 
Rb*? were known with sufficient accuracy, nor was it known if the common 
potassium and rubidium minerals would prove to be reliable age indicators. 
The question of the decay constants is now essentially resolved; and it has 
been shown that mica, and toa lesser extent feldspar, both common minerals, 
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A discussion is given of discordant uranium-lead ages, a field in which 
there has been considerable recent work. In contrast to the case of K-A and 
Rb-Sr, the major problems have not yet been solved, but important measure- 
ments bearing on their solution have been made during the last few years. 
The important and extensive field of the variation in isotopic abundance of 
lead in lead minerals is not reviewed for reasons of space. Recent literature 
in this field includes the summary of data compiled by Faul (10) and meas- 
urements reported by Geiss (13), Farquhar & Russell (14, 15), and by 
Vinogradov & Zykov (16). For similar reasons, no discussion of the meas- 
urements of the ages of meteorites is included. Readers are referred to the 
review of Geiss (17) and the publications of Patterson (18), Wasserburg & 
Hayden (12, 19), Schumacher (20), and Webster, Morgan & Smales (21). 

One of the most interesting aspects of this work has been the application 
of geochronological results to geological problems. This is barely sketched 
here and will be discussed more fully in a review by Tilton & Davis (2 ). 


DECAY CONSTANTS 


For all the decay systems of interest in geochronology except potassium- 
argon, the age, i.e. the time since the last parent-daughter separation in 
nature, is given by the relationship 


1 D 
=< (1+5), — 


a In 2 
half life 


where 


is the decay constant 


and 
D/P is the mole ratio of the daughter to the parent nuclide. 


From the relationship (Eq. 1) it is seen that an error in the decay con 
stant, or, equivalently, in the half life will cause a proportionate error in 
the absolute age, while the relative age of two minerals measured by the 
same decay system will be unaffected by such an error. The establishment of 
the validity of the various mineral age methods in use has depended upon 
comparisons of the absolute ages measured by different decay chains, and 
therefore it has been important to have accurate values for these decay con- 
stants. The experimental determination of decay constants will now be dis- 
cussed. 

URANIUM 238 


The half life of U8 has usually been determined by measurement of the 
specific alpha activity of natural uranium. Except for a small contribution 
due to U5, this will be equal to twice the specific activity of U™*, because 
the daughter isotope U** contributes an equal activity. If the source is 
sufficiently thin so that self-absorption of the a-particles is negligible, the 
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measurement involves no major difficulties. The sources of errors in absolute 
a-counting are discussed by Fleming, Ghiorso & Cunningham (23). The 
results of measurements of the U™® half life are listed in Table I. These 
measurements are in good agreement. Ages in this article are calculated 
with a U8 half life of 4.5110° yr., corresponding to a decay constant of 
1.541079 yr. 

TABLE I 


MEASUREMENTS OF THE HALF LIFE or U™® 








Specific Activity Specific Activity ,, 4¢ 1 «¢, rrass 
Natural Uranium U2 Half Life U 











9 r 
(d/min./mg.)* (d/min./mg.)* (10° yr.) 
Kovarik & Adams (24) 1501+3 4.50 
Curtis, Stockman & Brown (25) 1501 +3 4.50 
Kienberger (26) 1502 +2 4.50 
Kienberger (26) 742.7+1.6 4.49 
Kovarik & Adams (27) 1503 +3 4.51 
* d/min. stands for disintegrations per minute. 
URANIUM 235 
The measurements of the U®* half life are shown in Table II. The meas- i 


urement of this half life is considerably more difficult than that of U** 
because of interference from a-particles of U** and U**. This difficulty is 
reduced by Knight (29) and Fleming, Ghiorso & Cunningham (23) by use 
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TABLE II 


MEASUREMENTS OF THE HALF LIFE oF U**% 








— — ity Half Life 
8 
(d/eain. /mg.) (0 ye.) 
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Clark, Spencer-Palmer & Woodward (28) 7.64* 
Knight (29) 4480 + 140 7.53+0.25 
Knight (29) 7.10* 
Fleming, Ghiorso & Cunningham (23) 4740 + 100 7.13+0.16 
Sayag (30) 6.82+0.29f 
Wiirger, Meyer & Huber (31) 6.84+0.15 





* As recalculated in Fleming et al. (23). 
t As recalculated in Wiirger et al. (31). 


of highly enriched sources of U***. Even in these cases, about one-third of 
the total activity is caused by U™4; the U%* alpha counts were selected by 
pulse analysis. In both of these measurements, portions of the same sample 
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of enriched U*** were used, and good agreement was obtained in the measure- 
ment of the total specific activity. The difference between these two meas- 
urements lies in the pulse height analysis. The data of Knight have been 
recalculated by Fleming e# al., using the results of their pulse analysis; and 
this result is listed separately in Table II. 

The other measurements listed in Table II used natural uranium. Clark, 
Spencer-Palmer & Woodward (28) reported a half life of 8.91108 yr. 
Fleming et al. note that these workers were unable to resolve two minor a- 
particle groups reported by Ghiorso (32). This error causes their half life to 
be too high by about 15 per cent and the half-life value listed in Table II is 
the one recalculated by Fleming e¢ al. to correct this error. 

Sayag (30) and Wiirger, Meyer & Huber (31) measured the ratios of the 
specific activity of U* to that of U*4. Then by using previously measured 
values of the U*** half life, the equilibrium of U*** and U™*, and the known 
abundance of U** in natural uranium, the half life of U* is calculated. A 
detailed discussion of this method is given by Wiirger et al. Like Clark, 
Spencer-Palmer & Woodward, these workers were unable to resolve the 
two minor alpha groups of U*®, Wiirger, Meyer & Huber redetermined the 
alpha spectrum and obtained results in agreement with those of Ghiorso. 
These data were then used to correct their result for the effect of the neglect 
of these alpha groups in the specific activity measurements. They also re- 
calculated the data of Sayag, who neglected the minor alpha groups. The 
experiment of Fleming, Ghiorso & Cunningham appears to be the most ac- 
curate, and their value of the half life (7.13 X 108 yr.) is used for the calcula- 
tion of ages in this article. This corresponds to a decay constant of 9.71 
10719 yr... However, the uncertainty in this value is considered to be at 
least as great as their quoted error of 2 per cent. 


THORIUM 232 


Measurements of the Th half life are listed in Table III. 


TABLE III 


MEASUREMENTS OF THE HALF LIFE oF TH? 








Half Life (10% yr.) 





Kovarik & Adams (33) 1.39+0.03 
Senftle, Farley & Lazar (34) 1.42+0.07 
Picciotto & Wilgain (35) 1.39+0.03 





The half life of Th? was determined by direct determination of the spe- 
cific alpha activity of natural thorium by Kovarik & Adams (33). In order to 
have equilibrium between Th? and Th”® (radiothorium), one must use a 
source of thorium at least about 50 years old. These workers used the mineral 
thorite and assumed that this equilibrium had been established. 
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Measurements of the ages of minerals have indicated that Pb?°*/Th? 
ages are often smaller than uranium-lead ages, even when the two uranium- 
lead ages are themselves concordant. This fact prompted Senftle, Farley & 
Lazar (34) and Picciotto & Wilgain (35) to reinvestigate the question of 
the Th®? half life by new methods. By use of a Nal(TI) scintillation spec- 
trometer, the former authors made an absolute count of the 2.62-Mev gam- 
mas from T1?°8 (ThC’’) in equilibrium with parent Th**. Since the thorium 
series branches at Bi*"*(ThC), these workers also redetermined the value of 
this branching ratio and found a value about 7 per cent higher than that 
reported by Kovarik and Adams. Their Th half-life result can be considered 
to be in agreement with that of Kovarik and Adams, especially in view of 
the great difficulty of performing an accurate absolute count of the 2.62- 
Mev y-ray; in the presence of the many other gammas. It is also difficult to 
measure the efficiency of a Nal crystal in this energy region, where the shape 
of the photopeak is distorted by the effects of pair production. 

Picciotto and Wilgain measured the activity of Th®* in equilibrium with 
Th* by counting five-pronged a-stars produced in nuclear emulsions. Their 
result is in excellent agreement with the other two measurements. Th ages 
are calculated on the basis of a half life of 1.3910" yr., which is equivalent 
to a decay constant of 4.99 10—" yr... 





Potassium 40 ' 


In the case of potassium-argon, there are two decay constants, Ag giving 
the rate of B~ decay of K*° to Ca*® and X, giving the rate of electron capture to 
A*. The age is related to these decay constants by the equation: 


Ae trAg A”? | 
Xe K+)" 








ohn (14 


The error in the age caused by an error in the decay constants is shown in 
Figure 1. For young minerals, the K-A age is nearly independent of Ag and 
varies almost directly with the value of \,. For older minerals the sensitivity 
of the calculated age to errors in \g increases while the sensitivity to A, de- 
creases. At t= 3000 million yr. a 10 per cent error in either A, or Ag will cause 
about a 5 per cent error in the calculated age. 

The decay scheme of K*° is shown in Figure 2. The validity of this decay 
scheme has been reviewed by Morrison (36). The decay scheme is well- 
established and the only serious uncertainty is the importance of electron 
capture directly to the ground state of A‘. Although this mode of decay 
has not been observed, the upper limits given for its abundance are not as 
low as might be desired. Since the possibility of this mode of decay is of 
considerable importance to K-A dating, the evidence against it will be 
considered in some detail. 

If the upper limit for the ratio of B+ to 6 activity given by Bell & 
Cassidy (37) (<2 107-5) is combined with theoretical values for the positron- 
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Fic. 1. Curves showing the relative sensitivity of the measured age ¢ (in 
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Fic. 2. Potassium 40 decay scheme. 


to-electron capture ratio given by Fireman (38), it can be calculated that less 
than 10 per cent of the electron capture is directly to the ground state. How- 
ever, as pointed out by Morrison, it is not possible to see how Bell and 
Cassidy’s limit was obtained from their published data. If this measurement 
is disregarded, the next best limit for this quantity is <6 107‘ set by 
Colgate (39). This limit is too high to be useful, since it is known from x-ray 
counting [Sawyer & Wiedenbeck (40)] and from geochronological measure- 
ments that not more than about 30 per cent of the electron-capture transi- 
tions could go directly to the ground state. 

Another estimate of the importance of this direct transition can be made 
theoretically. The comparative half life for allowed K-capture transitions is 
given by 

I(Z, W)t = 36 (nad Wa? + nv 2Wi? + -- - de, 3. 


where u is the number of electrons in the shell, Yx and W,, are the large com- 
ponents of the Dirac wavefunctions in the K and Ly shells, and Wx and 


W , are the respective transition energies. 
For 


45Z< 0, nk = nL, = 2, and Wx Wi; 
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so 
1 yL;? 
t(Z, Wt = 7 ( + =) Wx’. 4. 


Wx can be calculated from the expression given by Major & Biedenharn (41) 
p 
log ¥x? = (7.9776 — 10) + 0.03256Z — 10(9-48775—-0.03802362) $. 


and the ratio W1,?/Wx? can be estimated from the data of Rose & Jackson 
(42). By substitution into Equation 4, it is found that 


log t = log (ft) + 0.59. 


The quantity log (ft) depends on nuclear matrix elements and on numeri- 
cal and universal constants. As discussed by Morrison (36), it is reasonable 
to suppose that the matrix element for the 6 transition from A* to the 
ground state of Ca*® will be nearly the same as that for the transition from 
K*° to the ground state of A*®. Then from the value log (ft) =18.46 for the 
8~ transition given by Davidson (43), the partial half life for electron cap- 
ture directly to the ground state of A*® is found to be about 3X10" yr. This 
implies that about 3 per cent of the electron-capture decays go directly to the 
ground state. 

The principal difficulty with this calculation is that for both B- decay and 
electron capture the expressions for (ft) appropriate to allowed transitions 
have been used. It is known that the proper f factor for forbidden transitions 
is frequently very different; in particular, for K**8~ decay, Davidson calcu- 
lates log (f3t) =15.60 as compared with the allowed value of 18.46. In this 
connection, Hoff & Rasmussen (44) have shown that, for unique (AJ = 2, yes) 
first-forbidden electron capture transitions, ft values calculated using allowed 
f functions can be compared directly with ft values for similar transitions 
involving 8-particle emission. The error introduced by making this compari- 
son for third-forbidden transitions, as has been done here, has not yet been 
evaluated. As is evident from the foregoing discussion, there is still con- 
siderable uncertainty with regard to the importance of electron capture 
directly to the ground state. Ages will be calculated with the assumption 
that there are no such transitions, but definitive evidence justifying the 
assumption is lacking. Laboratory measurements of the specific beta, gam- 
ma, and electron-capture rates are shown in Table IV. 

According to the decay scheme (Fig. 2) and if electron capture to the 
ground state is neglected, the specific gamma activity is equal to the rate of 
electron capture. Since it can be measured more accurately than the latter 
quantity, the specific gamma activity is usually used to determine A, in 
Equation 2. In order to measure the specific gamma activity, it is necessary 
to determine the absolute rate of emission of 1.46-Mev y-rays from a known 
quantity of potassium. The principal difficulty in this experiment has been 
in determining the efficiency of the counting apparatus for y-rays of this 
energy, as has been discussed in an earlier publication (62). Briefly, the 
difficulty is that there are no suitable y-ray standards in this energy range 
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TABLE IV 


DETERMINATIONS OF THE SPECIFIC GAMMA AND BETA 
ACTIVITY OF NATURAL POTASSIUM 














Activity 
Investigators 

v/gm. sec. B/gm. sec. 
Gleditsch & Graf (45) 3.6 +0.8 
Graf (46) 26.8+1.2 
Ahrens & Evans (47) 3.42 +0.07* 
Hess & Roll (48) 2.6 
Stout (49) 30.6+2.0 
Sawyer & Wiedenbeck (50) 2.88+0.37 
Spiers (51) 2.97 30.5 
Faust (52) 3.6 +0.4 31.2439 
Graf (53) 3.4 £0.5 
Houtermans, Haxel & Heintze (54) 3.3 +0.3 2¢.4+1.5 
Smaller, May & Freedman (55) 22.540.7 
Sawyer & Wiedenbeck (40) 28.3+1.0 
Good (56) 27.1+0.6 
Delaney (57) 32.043 
Burch (58) 3.37+0.09 
Suttle & Libby (59) 2.96 +0.3 29.6+0.7 
Backenstoss & Goebel (60) 3.50+0.14 
MeNair, Glover & Wilson (61)t 3.33+0.15 
Wetherill (62) 3.39+0.12 





* Recalculated using Z, =1.46 Mev. 

t Recalculated using \,/A3 =0.20 for K®. 

t Recalculated using their \./Ag =0.121 and their specific beta activity of 27.5/gm. 
sec. 


which have a simple decay scheme consisting of a relatively energetic beta 
followed by a single gamma. 

This makes it very hard to determine the efficiency of a Geiger counter 
or ionization chamber because these detectors do not distinguish between 
the several y-rays of different energies emitted in a complex decay scheme. 
The last two measurements of the gamma activity in Table IV circumvented 
this difficulty by the use of NaI(T1) scintillation spectrometers. Although 
these results are in good agreement, this agreement may not be very signifi- 
cant because the experiment of McNair, Glover & Wilson (61) was designed 
to measure the branching ratio A./Ag and their value of the gamma activity 
is dependent on the accuracy of their measurement of Ag. 

Potassium-argon ages in this article will be calculated on the basis of a 
specific gamma activity of 3.4 y/gm. sec. which is believed to be within 5 
per cent of the true value of this quantity. This corresponds to a value of the 
partial electron capture decay constant of 5.85X10~" yr. 
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Determinations of the absolute beta activity are also tabulated in Table 
IV. Problems of self-absorption may be expected to be somewhat alleviated 
because of the relatively high maximum energy (1.34 Mev) and because the 
shape of the spectrum is roughly the usual one (63). However, the low specific 
activity necessitates the use of a thick source in order to obtain an appreci- 
able counting rate. Thin sources, together with high counting rates, have 
been obtained with sources enriched in K** (40). Unfortunately, the exact 
isotopic abundance of the potassium was not measured and, therefore, these 
results are not more accurate than those obtained by the use of natural po- 
tassium. By combining 47 counting with enriched thin sources of known 
isotopic composition, it should be possible to make a definitive measurement 
of the specific beta activity. 

Ages in this article are computed on the basis of a specific beta activity 
of 27.6 8/gm. sec. corresponding to a partial 8~ decay constant of 4.72107!" 
yr.'. As shown in Figure 1, the accuracy of the age of a mineral is not very 
dependent on the accuracy of this constant. 


RUBIDIUM 87 


Measured values of the Rb*’ half life are shown in Table V. Measure- 
ment of the absolute specific activity of Rb*’ is very difficult because of the 
unusually large number of very-low-energy 6-particles in the spectrum of this 
isotope (66, 67, 68). Although the maximum energy is 275 kev, the average 
energy is only about 45 kev. Because of the very high absorption of these 


TABLE V 


MEASUREMENTS OF THE HALF LIFE OF RB®? 











Specific Activity Half Life* 
d/min./mg. 10" yr. 

Haxel, Houtermans, & Kemmerich (64) 43.5 §.95 
Kemmerichf (65) 63.1 4.10+.4 
Curran, Dixon & Wilson (66) 40.4 6.41+.3 
MacGregor & Wiedenbeck (67) 40.6 6.37+.3 
Lewis (68) 43.7 5.93+.3 
Geese-Bihnisch & Huster (69) 60.1 4.30+.3 
Flinta & Eklund (70) 42.2 6.1 +.1 
Huster & Rauscht 4.95 
Libby (71) §2.9+.2 4.88+.2 
Flynn & Glendenin (1958)§ 4.85+.2 





* The half lives have been calculated from the observed counting rates. In some 
cases these differ slightly from the values calculated by the authors. 

+ Half life recalculated on basis of correct decay scheme. 

t Private communication, 1956. 
§ Private communication, 1958. 
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soft 8-particles in the source, the exact shape of the spectrum in this low- 
energy region is unknown. Many of the earlier determinations did not deal 
properly with the problem of counting all of the low-energy electrons. 

Progress in the determination of the Rb*® specific activity has depended 
on minimizing self-absorption and on the use of 4m counters so as to elimi- 
nate the necessity of complex corrections for back-scattering. Considerable 
progress in this direction has been made by Huster, Geese-Bihnisch & 
Rausch [(69); private communication, 1956]. The most recent result of these 
workers is 4.95 X 10! yr. obtained with the use of conducting sources of only 
10 ugm. cm.~* thickness. However, by using absorbers and plotting to zero 
absorber thickness, Huster (private communication, 1957) finds a half life 
of 4.6X10!° yr., in disagreement with the value obtained with very thin 
sources. For this reason, he feels there may still be an unknown source of 
error in his earlier measurement. 

More recently, Flynn & Glendenin (private communication, 1958) have 
counted the specific activity of natural rubidium by dissolving an organic 
salt in a liquid scintillator, and have obtained a preliminary half life of 4.85 
<10!° yr. Their extrapolation to zero pulse height amounts to 5 to 10 per 
cent of their total counting rate, which compares favorably with the best 
results of Huster, Geese-Bahnisch, and Rausch. Flynn and Glendenin are 
presently studying closely the rseponse of their liquid scintillator to electrons 
of a few kilovolts energy, in order to permit a more accurate measurement of 
the half life. 

The recent measurement of Libby (71) makes use of a thick-source tech- 
nique designed for routine measurements. The relationship between the 
absolute activity of the sample and the observed counting rate has not been 
thoroughly investigated for the case of such an unusual beta-spectrum as that 
of Rb*’. 

The ages reported in this paper are calculated on the basis of a decay 
constant of 1.3910" yr. corresponding to a half life of 50 10° yr. This 
value is near to that of Huster and Rausch was found by a comparison of 
Rb-Sr ages with concordant U-Pb ages of uraninites (72). 


ANALYTICAL TECHNIQUES 


The methods by which microgram quantities of the elements used in 
measurements of radioactive ages are determined have all been discussed 
(73 to 76, 144, 145). It is sufficient here to say that the elements U, Th, Pb, 
Rb, Sr, K, and A can be determined with a precision of 5 per cent or less in 
all the minerals which have been found to be interesting for these studies. 
Interlaboratory comparisons of determinations of K, A, Rb, and Sr from 
the same mineral (77, 21, 123) are encouraging in their degree of conformity, 
despite the different approaches used in the determinations. The differences 
which have been found (78) are difficult to interpret since the analyses have 
not been done on splits of the same mineral. With sufficient attention to de- 
tails, the errors could readily be reduced to the point where errors attribut- 
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able to analytical techniques could be resolved with much greater certainty 
from variations in the ages caused by geological factors. 


THE NATURE OF THE AGREEMENT OF MINERAL AGES 


This section contains primarily the measurements of ages obtained on 
minerals which, by their occurrence in the same rocks, are assumed to be 
cogenetic or which contain two long-lived parent isotopes, thus permitting 
the measurement of two independent ages of the mineral. This approach is 
taken because of the variations which have been found in the ages of minerals 
for which two independent ages have been obtained. It seems, as a result of 
such measurements, that it is not too conservative to consider the agreement 
of at least two independent ages necessary for the establishment of the ab- 
solute age of a rock. In talking about the agreement of such ages, one must 
present all of the data available and, therefore, the disagreements form an 
equally important part of the discussions. 

It is actually possible to determine the age of a rock by a number of in- 
dependent methods. For example, all uranium minerals may, in principle, be 
measured by two independent decay chains. Because of the chemical simi- 
larity of Rb and K, K minerals usually contain Rb; therefore, the ages of 
these minerals may also, in principle, be measured by two independent 
methods. Many rocks contain uranium, thorium, and potassium minerals 
so that, for these, five independent ages may be measured. This section will 
discuss comparisons of mineral ages in the following order: (a) U-Pb and 
Th-Pb ages of uraninites; (b) comparison of ages from cogenetic uraninites 
and mica; (c) K-A and Rb-Sr ages of micas; (d) K-A ages of feldspars; 
(e) U-Pb and Th-Pb ages of minerals other than uraninite; (f) comparison of 
uranium-lead and uranium-helium ages; (g) comparison of rubidium- 
strontium and uranium-radiation-damage ages; and (hk) dating of sedimen- 
tary rocks. 


U-Pb anp Th-Pb AGEs oF URANINITES 


Figure 3 is a histogram showing the distribution of the ratio of the U**8- 
Pb?’ age to the U**-Pb®°? age for all measurements on uranium minerals 
reported by Faul (10) or which have been published since then. For locali- 
ties from which different minerals have been analyzed, each mineral is 
plotted independently to establish the reliability of ages from different urani- 
um minerals. For those localities where many measurements of the same 
mineral (such as Lake Athabaska and the Witwatersrand) have been made, 
the one with the most concordant U-Pb ages has been chosen arbitrarily to 
represent that location so that the histogram would not be improperly 
weighted by a single geologic location. The U™*-Pb?% and U-Pb?” ages 
have been picked because they are directly calculated from the mole ratio 
of daughter to parent isotope as is true in the case of K-A and Rb-Sr ages. 
It must be pointed out (and it will be discussed more fully in the section on 
Discordant Uranium-Lead Ages) that the differences in these two ages must 
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Fic. 3. Histogram of the ratio of U***-Pb?% age to the U?*-Pb?°” age 
for a number of uranium minerals. 


be less than 3 per cent if either is necessarily to be considered close to the 
true age of the mineral. If the Pb-Pb age? of the mineral had been used 
instead of the U**-Pb?°” age in the ratio given as the abscissa, the variation 
in Figure 3 would have been greatly increased. 

From Figure 3, it is apparent that the spread in the U-Pb ages is so 
large that for any mineral but uraninite it is optimistic to use a single 


2 The Pb-Pb age, derived from the equations for two U-Pb ages, is the solution 
for ¢ of the equation 


Pb = U5 (Aust — 1) 








Pb [238 (est — 1) 


It has been shown by Nier (4) that this age is affected less than the other two U-Pb 
ages by losses of parent or daughter element in the mineral. 
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U-Pb age as a measure of the absolute age of the mineral. Carefully selected 
samples of pegmatitic uraninite seem to give uniformly concordant U-Pb 
ages (11, 12, 72). Table VI gives the U-Pb and Th-Pb ages of uraninites. It 
is seen that only two measurements lie outside 1.00+0.05 for the ratio of 
the U%*-Pb? age to the U®-Pb?°7 age. No other uranium mineral provides 
such uniformly concordant ages. Without the uraninite data, the distribu- 
tion of U-Pb ages would discourage anyone attempting to find the absolute 
age of a uranium mineral. Since uraninite is not a common rock-forming 


TABLE VI 


U-Ps anp Tu-Ps AGEs oF URANINITES 














Ages in Millions of Years 
Location — Ref. 


U238. Pp206 U235_ Pp207 Th82. Ph28 





Cooke City, Montana 2600 2640 (79) 








Huron Claim, Manitoba 1860 2170 1360 (80) 
Viking Lake, Saskatchewan 1850 1880 1670 (11) 
(Sample 1) 
Viking Lake, Saskatchewan 1790 1830 1640 (72) 
(Sample 2) 
Ingersoll Mine, S. Dakota 1580 1600 1440 (74) 
Wilberforce, Ontario 1040 1050 1010 (72) 
Cardiff Mine, Ontario 1020 1020 (72) 
Cardiff Township, Ontario 1000 1020 870 (11) 
Gordonia, S. Africa 1010 1015 1215 (81) 
Parry Sound, Ontario 994 993 897 (11) 
Gaya District, India 885 910 1005 (82) 
Romteland, Norway 890 892 900 (80) 
Lac la Ronge, Manitoba 565 868 (80) 
Biundni, India 735 735 935 (82) 
Morogoro, Tanganyika Terr. 608 607 (81) 
Bemasoandro, Madagascar 390 410 465 (81) 
Chestnut Flat, N. Carolina 375 380 (72) 
Branchville, Conn. 367 365 318 (12) 


Portland, Conn. 268 266 239 (11) 


mineral, the chief value of its concordant ages is in testing other methods of 
determining radioactive ages. The Th-Pb age of uraninite is often less than 
either of the U-Pb ages, so that there exist, even for this mineral, unex- 
plained discrepancies in the ages obtained. It should be noted, however, 
that the determination of Pb®°8 usually involves a correction for nonradio- 
genic Pb2°’ which amounts to about 10 per cent of the total. Further, this 
correction is based on the presence of an ion current attributed to Pb? which 
is of the order of one part in 20,000 of the neighboring Pb? ion current. 
The problem of properly evaluating the correction to the Pb? is therefore 
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not inconsiderable and may account at least in part for the Th-Pb discrep- 
ancies in uraninites. 


COMPARISON OF AGES FROM COGENETIC URANINITES AND MICA 


The uniform concordance of the U-Pb ages of uraninites gives confidence 
of the reliable nature of such ages. Here uraninite ages will be used as 
standards by which K-A and Rb-Sr ages can be tested. Table VII gives the 
data on the comparisons which have been made. The excellence of the agree- 
ment of all ages gives one confidence that agreement of the K-A and Rb-Sr 
ages is another reliable criterion of the age of the pegmatite from which the 
mica is collected. 


TABLE VII 


CoMPARISONS OF U-Ps AGEs OF URANINITES WITH K-A AND RB-SR AGEs oF Co- 
GENETIC Mica. Decay CONSTANTS USED: Ag(RB*?) =1.39 X10~" yr.—, 











Ages in Millions of Years 








Location ~ ---——- Ref. 
U-Pb Rb-Sr K-A 
Cooke City, Montana 2620 2750 2500 (79) 
Viking Lake, Saskatchewan 1870 1970 1780 (72, 83) 
Keystone, S. Dakota 1600 1650 1380 (74) 
Wilberforce, Ontario 1050 1000 920 (72, 83) 
Cardiff Mine, Ontario 1020 1030 960 (72, 83) 
Parry Sound, Ontario 994 940 (11) 
Spruce Pine, N. Carolina 375 375 335 (72, 83) 
Branchville, Connecticut 366 369 (12) 
Portland, Connecticut 267 258 269 (11, 84) 





COMPARISON OF RB-SR AND K-A AGEs OF Micas 


That the agreement of Rb-Sr and K-A ages of micas is not unusual and 
is frequent in the fine-grained granites, as well as the coarse-grained peg- 
matites, is shown in Figure 4. If the metamorphic rocks are excluded, the 
two ages agree with each other within 10 per cent for over 80 per cent of the 
micas. Since the daughter elements are quite different for these two methods, 
agreement of the ages is considered a strong indication that these rocks 
satisfy the assumption that the mica has formed a closed system since it was 
formed. The shape of the distribution can be most simply understood by 
assuming the Rb-Sr ages to be more nearly correct and the K-A ages to be 
affected occasionally by varying amounts of argon leakage. With so many 
variables available, this is but one of many possible explanations. That this 
assumption is not completely without empirical foundation is shown in 
Table VIII, which gives the comparison of the Rb-Sr ages of feldspar and 
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Fic. 4. Histogram of the ratio of the Rb-Sr age to the K-A age for 
micas from a number of rocks. 


TABLE VIII 
Rp-Sr AGES OF FELDSPAR AND MICA FROM THE SAME ROCK 








Ages in Millions of Years 








Location Ref. 
Feldspar Mica 

Christmas Lake, Wyoming 2770 2800 (79) 
Quad Creek, Wyoming 2730 2530 (79) 
Catlin Creek, W. Australia 2740 2810 (85) 
Londonderry, W. Australia 3080 2780 (85) 
Grosmont, W. Australia 2890 2840 (85) 
Wodgina, W. Australia 2860 2970 (85) 
Keystone, S. Dakota 1600 1650 (74) 
Brown Derby Mine, Colorado 1290 1390 (75) 
Quartz Creek Granite, Colorado 1490 1320 (75) 
Cutler Batholith (Peg.), Ontario 1760 1750 (86) 
Copper Cliff ‘‘Rhyolite,”” Ontario 2360 1730 (86) 
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mica from 11 rocks. The agreement is within 10 per cent for all but the 
Copper Cliff rhyolite, which is definitely a metamorphic rock. The Rb-Sr 
age of this feldspar may be a remnant of the early history of this rock. The 
general agreement of the Rb-Sr ages of the two minerals is empirical evi- 
dence for the conclusion that this age is independent of mineral type. Also, 
a study (75) was made of several micas from the same pegmatite whose Rb 
concentration showed a range of a factor of three. For these micas, the ratio 
Sr’7/Rb*? had an extreme displacement of less than 10 per cent from the 
mean, and a mean deviation of 5 per cent. This indicates that the ratios 
Sr*?/Rb*’ might be expected to be characteristic of the rock unless otherwise 
demonstrated. 

In measurements of the Rb-Sr age of minerals low in Rb, the correction 
for the common Sr becomes very important. It is customary to use the Sr** 
as a measure of the normal Sr*’ present. The validity of this assumption was 
demonstrated by Gast (87) and confirmed by Gerling & Suhokoliukov (88). 
They show that the variation in the Sr§’/Sr** ratio has been at most 2 per 
cent in the life of the oldest terrestrial rocks. This variation is to be com- 
pared with a change of 20 to 30 per cent in the Pb? and Pb? isotopic 
abundances in lead minerals, which is attributable to additions of lead from 
the uranium and thorium decay in the same time. Thus correction for com- 
mon strontium is relatively straightforward. 

Included in the data of the histogram of Figure 4 are the data of Table 
IX which shows ages obtained on several rocks in the Lake Huron district of 
Ontario (86). This small group of metamorphic rocks was collected from an 
area included in a circle of radius less than 50 miles, centered just west of 
Sudbury. The complexity of the relationships of the ages in Table IX and 
the spread between the K-A and Rb-Sr ages shown in the histogram demon- 


TABLE IX 


Rb-Sr AND K-A AGEs OF ROCKS FROM THE REGION OF 
SUDBURY, ONTARIO 








Ages in Millions of Years 








Rock Mineral 
Rb-Sr Age K-A Age 

Wavy Lake Granite Biotite 1075 1025 

Cutler Batholith 
Granite Biotite 1325 1330 
Pegmatite 1 Muscovite 1750 1390 
Pegmatite 2 Muscovite 1700 1370 
Copper Cliff Rhyolite Muscovite 1730 1350 
Biotite 1220 2070 
Sudbury Gabbro Biotite 1325 1770 


Sudbury Breccia (Matrix) Biotite 1440 1770 
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strate the need for measuring both ages. Work in progress indicates that this 
complexity will not be unusual in metamorphic rocks. Some of the age values 
probably reflect the history of the rocks prior to their most recent crystal- 
lization. 


K-A AGEs OF FELDSPARS 


In addition to the data above, other measurements bearing on the K-A 
ages have been made. The early work on this method was an attempt to find 
the electron capture decay constant of K* from the ratio A‘°/K* of the 
feldspar and the U-Pb age of the cogenetic uraninite as shown above for 
mica. The data obtained largely by Wasserburg, Hayden & Jensen (11, 12) 
are given in Table X, where the K-A age of the feldspar is calculated with the 
use of the decay constant obtained in the laboratory measurements dis- 
cussed in the section on Decay Constants (K*°). Tabulated with the age is 


TABLE X 


URANINITE-FELDSPAR COMPARISONS 








Ages in Millions 








. of ‘Fears Per Cent A*® 

Location - Retentivity Ref. 

U-Pb K-A 

Age Age 
Portland, Connecticut 267 210 77 (12) 
Branchville, Connecticut 367 273 75 (12) 
Parry Sound, Ontario, Microcline I 994 815 78 (11) 
Parry Sound, Ontario, Microcline IT 994 760 72 (11) 
Parry Sound, Ontario, Albite 994 658 60 (11) 
Cardiff Township, Ontario I 1010 860 81 (11) 
Cardiff Township, Ontario II 1010 810 76 (11) 
Wilberforce, Ontario 1030 840 77 (90) 
Keystone, S. Dakota 1600 1100 59 (90) 


Viking Lake, Saskatchewan 1890 1630 79 (11) 





the per cent of argon retained in the feldspar, calculated from the K present 
and from the U-Pb age. The average retentivity is 0.73 with a mean devia- 
tion of 0.06. The feldspar data could also be explained without the assump- 
tion of argon loss if the value of \, for K*® were lowered by about 25 per cent. 
The histogram in Figure 5 shows the ratio of the ratio, A*®/K*, for mica, 
to that for feldspar from the same rock, for all samples reported in the 
literature. From comparisons of K-A ages of mica with U-Pb ages of uraninite 
and Rb-Sr ages of the mica itself, it is believed that the K-A age of the mica 
approximates the true age of the rock. The wide variability in the ratio of 
A*°/K*° of the mica to A*°/K*° of the feldspar indicates the uncertainty in 
the feldspar K-A ages. A plot of the ratio A‘°/K*° as a function of the age 
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Fic. 5. Histogram of the ratio of the ratio A*®/K*, of mica to that 
of feldspar from the same rock. 


of the rock shows that the variability found does not depend in a pronounced 
way on the age. 

Reynolds (89) has studied the retentivity of argon by mica and feldspar 
when these minerals are heated and finds that his experiments would predict 
the mica-feldspar discrepancy observed if heating were the cause. Gerling & 
Morozova (91) have measured the activation energy of micas for argon re- 
tention and conclude from their data that micas should be suitable for age 
measurements. Gentner et al. (92, 93, 94) and Curtis & Reynolds (95) have 
considered diffusion as the possible source of the apparent argon loss from 
sylvite. Gentner bases his argument in part on the diffusion of helium in 
sylvite, and Reynolds differs as to the relevance of this experiment to the ex- 
planation of argon loss because of the greatly differing size of the helium and 
argon atoms. Reynolds also concludes that diffusion of A*® in KCI should 
be much slower than that of K in KCl. 

The assumption that no primary argon is included in mica has been 
tested in one instance by Damon & Kulp (96) who find 10~* cc. NTP or less 
of argon per gram in a calcium mica, margarite. This is to be compared with 
~10— cc./gm. of radiogenic A*® in a 100-million-year old potassium mica. 
From the mica-feldspar differences and the relationship of the Rb-Sr and 
K-A ages of micas, it seems evident that variable argon leakage is the most 
probable explanation of all the empirical data available. 


U-PsB AND TH-PB AGEs OF MINERALS OTHER THAN URANINITE 


In addition to uraninite, the only minerals containing U and Th which 
have been studied in sufficient number to permit tentative conclusions re- 
garding the reliability of their ages are monazite and zircon. The results of 
measurements on monazite have been discussed by Tilton & Nicolaysen 
(97) and Vinogradov (98). Those given by Tilton are typical and are shown 
along with the available K-A and Rb-Sr ages of presumably cogenetic micas 
in Table XI. From this table it is seen that even for monazite the Th-Pb age 
is often unreliable. If one were to pick a single one of the monazite age de- 
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termination methods as being most reliable, it would be the Pb-Pb age, but 
even this is an unsatisfactory generalization. Acid leaching studies by Tilton 
& Nicolaysen (97, 99) on the three monazites studied gave some evidence 
which suggested that leaching could account for some of the discrepancies 
observed. There seems to be no correlation of the age pattern found with 
microscopic appearance or x-ray pattern of the mineral. When the monazite 
ages are concordant, it is seen that the Rb-Sr age and, to a lesser extent, the 
K-A age agree with the concordant U-Pb and Th-Pb ages. 





TABLE XI 


COMPARISON OF U-PB AND TH-PB AGES OF MONAZITE AND RB-SR 
AND K-A AGEs OF COGENETIC MICA 








Ages in Millions of Years 





Monazite 


U8. 2%. =Ph27, Th Rb- 
Pb2% Pb? Ph2% Pph*s Sr 












Ebonite Claims, Southern Rhodesia, (146) 2620 2620 2620 2640 2650 2310 
Jack Tin Claims, Southern Rhodesia,(146) 2210 2460 2660 1940 
Irumi Hills, Northern Rhodesia, (146) 1990 2330 2640 1380 


Antsirabe, Madagascar, (81) 1370 1850 2450 610 
Yadiur, India, (82) 1410 1820 2330 1800 
Soniana, India, (82) 635 697 913 611 
Huron Claim, Manitoba, (5) 3180 2840 2600 1830 2650 2160 
Las Vegas, New Mexico, (5) 1730 1560 1340 770 1490 1280 
Goodhouse, S. Africa, (92) 930 915 880+60 900 960 920 
Houtenbeck, S. Africa, (92) 1400 1230 930+50 940 
Steenkamps Kraal, S. Africa, (97) 1080 990 
Brown Derby, Colorado, (97) 1590 1420 1170 995 1410 1300 











Another mineral which has been studied in considerable detail is zircon. 
The suggestion by Larsen, Keevil & Harrison (100) that the amount of 
uranium in these minerals should make them suitable for age determination, 
the fact of their occurrence in common rocks, and the subsequent efforts of 
Larsen and his colleagues to provide a simple method for this determination, 
have all served as an impetus for this work. Tilton et al. (101) present com- 
plete data on all zircons for which U, Th, and Pb concentrations, and the 
isotopic composition of the lead, have been published. Table XII gives the 
U-Pb and Th-Pb ages of these zircons for which K-A and Rb-Sr ages are 
available. As in the case of the uraninites, it is seen that when the U-Pb ages 
agree, they also agree with the K-A and Rb-Sr ages of the associated mica. 
When the U-Pb ages are discordant, the Pb?°"—Pb? age most nearly agrees 
with the mica age. Again, the Th™?-Pb?°8 age is so often discordant that it 
is the least reliable method of measuring ages by radioactive decay. No 
criterion has been found, such as natural grain size, common lead contamina- 
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TABLE XII 
U-PB AND TH-PB AGEs OF ZIRCONS COMPARED WITH 
Rb-Sr AND K-A AGEs oF COGENETIC Mica (101) 














[J228. [235- Th2- 
P28 P20? Pb2% Ph208 

Redstone, N. H. 187+ 5 184+ 5 140+60 190+ 5 
Granite 

Wichita Mts., Okla. 520412 527+10 5504+30 506+12 
Sample “A’’ pegmatite 

Capetown, S. Africa 330+10 356+15 530+50 238+20 
Granite 

Tory Hill, Ontario 940+25 960415 1015+25 
Syenite 

Cardiff Uranium Mine 900+25 930+15 1000+25 990+50 
Ontario, Pegmatite 

Pike’s Peak, Colo. 624+25 707+20 980+40 313+12 
Granite 

Llano, Texas 950+25 990+15 1070425 890+40 
Granite 

Bagdad, Arizona 630+20 770+30 1210+80 271+16 
Granite 

Quartz Creek, Colo. 925425 1130425 1540+140 530+110 
Granite ‘‘A”’ 


Quartz Creek, Colo. 


Granite 


Ages in Millions of Years 


Pb?"?- 





4 1 
Sampie 








1700 +60 
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600 
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1310 





460 
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tion, or mineral processing, which correlates completely with the age pattern 


observed. 


The Pb-a method of determining ages of zircons was first discussed by 
Larsen et al. (100, 102) and consists of an attempt to measure the 
Pb/(U-++Th) ratio by a-counting of U+Th and spectrochemical methods 
for the determination of Pb. It is apparent that the Pb-a method, which 
measures essentially the U%8-Pb? age, even if done accurately, would pro- 
vide the least reliable U-Pb age. 
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RELIABILITY OF U-HE* METHOD 


Since the review by Hurley (10), the only published data are those of 
Damon & Kulp (103). This study of the He* content of minerals by the 
method of isotope dilution indicated larger amounts of He than had been 
measured by volumetric techniques. It would appear that these new tech- 
niques should be applied to a number of samples of known age before com- 
plete distrust of the U-He‘ age method becomes too general. 


COMPARISON OF AGES DETERMINED BY RB-SR AND U-RADIATION DAMAGE 





Most of the radiation damage measurements have been compared to the 
Pb-a measurements on the same zircon (104). Recently, Fairbairn & Hurley 
(105) showed that there was almost no relationship between Rb-Sr age of a 
mica and the age determined from the radiation damage and alpha activity 
of zircon from the same rock. It is possible that even though this method 
does not provide other than minimum age, it may be related to the sub- 
sequent history of the rock in some as yet undetermined way. 


DATING OF SEDIMENTARY ROCKS 





This section ends with the discussion of the interesting data on authigenic 
minerals in sedimentary rocks. Wasserburg, Hayden & Jensen (12) demon- 
strated the existence of radiogenic A*® in these minerals and, in the relatively 
small suite studied, showed that the K-A ages obtained had the correct order 
when related to the stratigraphic sequence. This work was extended to many 
more samples and stratigraphic positions by Lipson (106), and the con- 
clusions of the two groups are in agreement. Cormier et al. (107) studied a 
suite of glauconites, using the Rb-Sr age, and have demonstrated the 
existence of small amounts of radiogenic Sr*’ in these minerals. Without 
minimizing the contribution of the work which has been done, it must be 
pointed out that the two ages have not been measured on the same minerals, 
so that there is no check as yet on the argon retentivity of glauconite. Also, 
with the large amounts of common Sr present, more sophisticated methods 
are required than those used by Cormier et al. to make the radiogenic Sr*’ 
determinations of glauconite sufficiently precise to make the Rb-Sr ages 
meaningful. Thus, both methods require considerable effort before the ages 
of authigenic minerals can be stated with great certainty. Studies of K-A 
ages of sylvites by Gentner et al. (92, 93, 94, 108), and by Reynolds and co- 
workers (95, 109) have shown the difficulty of interpreting the effect of argon 
loss on the ages of these minerals. 

The importance of determining the ages of sedimentary rocks directly 
may be emphasized by the fact that the Holmes time scale (110) is based 
on U-Pb ages of three minerals, only one of which has direct fossil control. 
This one sample has a ratio of its U-Pb ages of 0.89 and, therefore, is so dis- 
cordant that it is difficult to know the true age. The measurement of the age 
of sedimentary minerals offers the possibility of establishing directly an ab- 
solute fossil time scale. 
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OTHER MEASURES OF GEOLOGIC TIME 

Included in this section are methods based on the natural radioactivity 
of Re’, Lu!”6, and Th*® and on those radioactive nuclides which occur in 
nature but which, because of their short half lives, depend on the cosmic-ray 
neutron flux for their production. Any discussion of C™“ will be excluded, 
since the literature in this field is now so comprehensive that books are 
written about it. Long-lived nuclides other than the three mentioned are 
omitted because no direct evidence of the daughter products has as yet been 
observed in natural sources. 

The Re'*? B-decay half life has long been eluding measurement. Positive 
evidence of its decay was first reported by Naldrett & Libby (111) and 
Suttle & Libby (141), who used a low-level Geiger counter, and has since 
been confirmed by Herr, Hintenberger, Merz, and Voshage (112, 147) by 
the detection of the Os daughter in a number of molybdenites containing 
rhenium. Using a proportional counter, Dixon & McNair (114) failed to de- 
tect any Re activity and set the maximum energy of the B-decay at less than 
one kev. They deduce a half life > 10° yr., so that there remains contradic- 
tory counting evidence for the half life; from the geological method it is esti- 
mated to be of the order of 6X10! yr. The fact that Re is but a minor 
constituent of molybdenum minerals, which are themselves rare, will proba- 
bly limit the usefulness of its decay for geologic time measurements. This 
decay will also provide a means of studying the geochemistry of Re and Os. 

The presence of radiogenic Hf in Lu minerals has also now been estab- 
lished (115). The half life of Lu’”* has been found to be 2.110" yr. in 
laboratory counting experiments by Glover & Watt (116). The geologic oc- 
currence of minerals containing Lu is rare, and it would seem most likely 
that measurements on geological materials would have their chief value to 
geology as a means for studying the geochemistry of the elements involved 
rather than for determining ages. 

Gerling, Levskii & Afansjeva (117) have observed the occurrence of A* 
in K minerals, and concluded from the relationship of A** to chlorine content 
that the A** present could not be due to (a, m) or (a, p) reactions on Cl. 
A*8/K ratios were also found to be independent of the proximity of uranium 
minerals, from which it was concluded that the K"(m, a)Cl®* reaction was 
not the source of the A** found. Further, these authors found that the ratio 
A*8/K has a definite relation to the age of the mineral. It is their opinion that 
the A** must, therefore, be due to the decay of a long-lived isomer of K** 
which has an abundance of about 10~!° gm./gm. K and a decay constant 
of about 10~® yr... Recently, Wasserburg & Bieri (private communication), 
using an instrument at the University of Minnesota which had never been 
used for analyzing argon with excess A** in it, looked for A** in a mica of 
known age. These workers found at most one-tenth the A** predicted from 
the decay constant and abundance suggested by Gerling e¢ al. It will, there- 
fore, be necessary to resolve the contradiction of these two similar experi- 
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ments before the consequences of the existence of a long-lived K** can be 
seriously discussed. 

The continuous production in the oceans and short half life (8.3 X 104 yr.) 
of Th®*° have held promise of a convenient method for studying sedimentation 
rates. A recent study of Volchok & Kulp (118) confirms the earlier work of 
Piggot & Urry (119) and demonstrates the need for ideal sedimentation con- 
ditions in order that the measurements may be consistent. 

Another long-lived nucleus whose existence in natural sources has been 
demonstrated is Cl**, produced by neutron capture in chlorine. Schaeffer & 
Davis (120) have shown significant amounts of Cl*® to be present in two 
samples of surface rocks only. The utility of Cl** dating for special types of 
recent (10‘ yr.) geologic processes affecting surface rocks at high altitudes is 
suggested by them. 

A third short-lived (2.510® yr.) nucleus, Be!®, has been found to be 
present in ocean cores by Arnold (121). This nuclide is thought to result 
from high-energy neutrons in the cosmic-ray flux reacting with oxygen and 
nitrogen in the atmosphere. Sedimentation rates determined from the 
specific activity of the core material in counts/sec. cm.’ agree with those 
estimated from other measurements, and this agreement indicates both the 
constancy of the cosmic-ray flux and a production rate of Be’® of about 0.03 
nuclei/cm.? sec. 

Potential methods now exist for measuring the time of formation of 


rocks of all ages. The largest period of uncertainty still lies in the region 
between 3X10‘ and 10’ yr., but improved understanding and technology 
will almost certainly eliminate this gap. 


DISCORDANT URANIUM-LEAD AGES 


The fact that uranium has two long-lived isotopes, U** and U**, makes 
possible the determination of two ages, one calculated from the ratio 
Pb2/U8 and the other from the ratio Pb?°’/U™. These two ages will be 
concordant, that is, they will be equal to one another and to the true age of 
the mineral if the following assumptions are fulfilled: (2) There have been 
no gains or losses of parent or daughter elements since the formation of a 
mineral; (b) There have been no gains or losses of intermediate members of 
the radioactivity decay system, for example, radon or ionium; (c) Proper 
corrections have been made for the initial concentration of radiogenic 
daughter product; (d) The chemical analyses have been properly performed, 
and the correct decay constants have been used. With present techniques 
and knowledge, assumption (d) can be fulfilled and will not be discussed 
further. 

As a result of the pioneer work of Nier (4, 5), it was immediately clear 
that the two ages commonly did not agree, presumably because of the failure 
of one or more of these assumptions. In this case, the ages are said to be 
discordant. In principle, discordant ages may convey more information than 
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Fic. 6. Plot of Pb?%*/U%8 vs. Pb*°’/U2% which is useful for the interpretation of 
discordant U-Pb ages. The curve is the locus for concordant ages, and the correspond- 
ing ages are given. 


do concordant ages, since they have been affected by the pre- or post- 
mineralization history of the mineral. In this section, the effects of the vari- 
ous possible causes of discordance will be discussed; and, to the extent that 
present knowledge allows, the relative importance of these causes will be 
evaluated. The geochemical problems involved are very complex, and a 
complete understanding of all cases of discordance may well be impossible. 
However, progress is being made, and it is beginning to be possible to make 
use of some of the information potentially available from discordant ages. 

While it is possible to generalize Equation 1 to include the case of the 
failure of the assumptions, the algebraic expressions involved are frequently 
so complex that it is difficult to visualize the physical processes (124, 125). 
For this reason, the understanding of discordant uranium-lead ages is 
facilitated by use of a diagram (Fig. 6), in which the mole ratio Pb?%*/U*** 
is plotted as ordinate and the mole ratio Pb*°”7/U™* as abscissa. In the particu- 
lar case of uranium-lead ages, Equation 1 takes the form: 
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Pb2% 
U238 


Pb?7 


U8 


= ots" — 1 
= ¢h2867) — f. 


If assumptions (qa), (b), and (c) are valid, the ages 79 calculated from 
these two equations will be concordant, and 79 will be the true age of the 
mineral. In this case, to every age To there will correspond unique values of 
the ratios Pb?%°/U** and Pb?°7/U2* defined by Equation 6. The locus of 
these values for 0<t9< © is the curve marked ‘“‘concordia”’ on Figure 6. 
Discordant ages will be represented by points lying off this curve, while 
“accidentally”’ concordant ages are those which happen to lie on the curve 
in spite of the fact that one or more of the assumptions is not valid. 


GAIN OR Loss OF LEAD OR URANIUM 


The generalized equations given by Wickman (124) and Wetherill (125) 
may be used to calculate the locus of various hypothetical histories of lead- 
uranium fractionation. One particularly interesting case, that of loss of lead 
or gain of uranium during a short episode, will be discussed here. 

Figure 7 shows the locus of points representing discordant ages resulting 
from varying amounts of uranium-lead fractionation in minerals having a 
true age=7» of 1500X10° yr. and a time of fractionation 7;= 300X105 yr. 
ago. It is seen that this locus is a straight line intersecting the curve ‘‘con- 
cordia” at T>=1500X10° yr. and 7; =300 X10 yr. It has been shown ana- 
lytically that this curve is actually a straight line (125). This leads to a 
simple graphical procedure for calculating discordant uranium lead ages re- 
sulting from episodic fractionation of lead and uranium, which will now be 
described. 

For the case of a mineral having an age 7» which has lost lead or uranium 
during a geologically short episode 7; years ago, the position of the point (Q,) 
characteristic of this mineral may be found by the following procedure: 
(a) Draw a straight line passing through the point on the curve ‘‘concordia”’ 
corresponding to a true age 7» and that corresponding to a true age 7; (see 
Fig. 8). (b) Defining the length of the straight segment 797; = Ji, measure off 
a distance along this segment of length /;= RZ; from 71; R: is the ratio by 
which Pb?%%/U%8 and Pb*°7/U changed at time 7;. That is, Ri is the ratio 
of Pb?%/U28 immediately after loss to Pb?%*/U*8 immediately before loss. 
For example, if half the lead were lost with no loss of uranium, then R,=1/2 
and ,=1/2 Ly, and the resulting point will be at the mid-point of the line 
Tori. If, on the other hand, one-third of the uranium were lost, Rj =3/2 and 
1, = 3/2 qh. 

The case of multiple episodic fractionation of uranium or lead can be 
calculated in the same way by now using Q, as the starting point and repeat- 
ing the procedure to find Qs, etc., as has been described more fully elsewhere 
(125). 
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Fic. 7. Diagram showing the locus of points representing minerals 1500 million 
years old which have lost lead 300 million years ago. 


In the case of a group of minerals having a true age 7» and losing various 
amounts of lead at a time 7; in the past, the isotopic ratio (Pb?°’/Pb*®), 
of the lead which is lost will be the same for all the minerals and can be 
determined from the slope (m) of the straight line To7: by use of Equation 7, 


Pb?°7 U235 
Gos }. ~ ™ \ Ue a 





where, in the calculation of m, proper consideration must be given to the 
fact that the scales on the ordinate and abscissa of these diagrams are 
generally different. If the lead which has been lost at 7; can be found, possibly 
in minerals such as galena or pyrite, its isotopic composition would be given 
by Equation 7 after the Pb? has been used for the proper corrections for 
any nonradiogenic lead in these lead minerals. 

This graphical procedure leads to another interesting conclusion. Even 
in the case of multiple fractionations, if every fractionation results in the 
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Fic. 8. Diagram illustrating the graphical procedure described in text. 


net loss of lead or the net gain of uranium, the resulting point from which 
the discordant ‘“‘apparent’’ ages can be calculated will be in the sector A of 
Figure 9. On the other hand, if every fractionation consists of a net loss of 
uranium, the resulting point will be found in the sector B. Only by such com- 
binations as loss of lead at one time and loss of uranium at some greatly 
different time can the point fall outside of sectors A and B. Figure 9 is drawn 
for T9>= 1350 X 108 yr. 

In the physically reasonable case where the magnitude of the fractiona- 
tions is sufficient to cause grossly discordant ages but still does not involve 
almost total loss of lead or uranium, the regions accessible to points are still 
more limited. For example, Figure 10 shows the area of the diagram accessi- 
ble to points representing minerals having a true age of 1350 million yr. 
which have lost up to 50 per cent of their lead and up to 25 per cent of their 
uranium during geological time. The fact that the shaded area of the diagram 
forms a rather long thin band pinching in toward the point on concordia 
representing the true age of the mineral forms the basis of a suggested method 
for determining the true age of a group of cogenetic minerals even when no 
regularities are apparent (126). 
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Fic. 9. Diagram showing the areas representing minerals that 
have lost lead (A) or lost uranium (B). 


Loss oR ADDITION OF INTERMEDIATE DAUGHTER PRODUCTS 


Since the intermediate daughter products have different chemical proper- 
ties and the time spent as a particular intermediate element is greatly dif- 
ferent for the two decay chains, the possible patterns of discordant ages 
resulting from gain or loss of intermediates are very complex. On the other 
hand, for loss of an intermediate product to be important, a significant 
fraction of the intermediate product must continually be lost over the entire 
history of the mineral. Even complete loss of all intermediate products in 
one of the decay systems over a time short compared to the age of the mineral 
will have a negligible effect on the measured age. This contrasts with the 
foregoing case of lead-uranium fractionation where a relatively small frac- 
tionation during a short episode will cause grossly discordant ages. 

Most of the discussion regarding the loss of intermediate product has 
concerned loss of radon, Em’, an intermediate product of the U** series, 
which has been expected to be lost more easily than its counterpart actinon, 
Em*®, in the U** series, since radon has a half life of three days, while actinon 
has a half life of only 4 sec. Actinon would not be expected to diffuse very 
far before it decayed, and its loss would have to depend on some higher- 
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Fic. 10. Diagram showing the area representing minerals that have lost up to 
50 per cent of their lead or up to 25 per cent of their uranium. 


energy processes, such as nuclear recoil following alpha emission. The locus 
of discordant ages produced by radon loss will be a vertical straight line on 
a Pb?%/U8 vs, Pb?°7/U5 plot. 


PRESENCE OF RADIOGENIC LEAD AT THE TIME OF MINERALIZATION 


In most cases, it is possible to correct properly for the initial concentra- 
tion of Pb?°° and Pb?’ by use of the nonradiogenic isotope Pb?**. However, in 
some cases it may be that the original lead in the mineral was not of normal 
composition, and the correction will then be in error, and the resulting 
‘“‘apparent’’ ages will be discordant and neither of them will equal the true 
age To. 

Figure 11 shows the case of to =1200X10° yr. with an initial radiogenic 
lead isotopic composition Pb®°?/Pb?°°=0.12. Points representing various 
cogenetic minerals with different amounts of this radiogenic lead will be 
spread out along a straight line starting at 7» on concordia and intersecting 
concordia again at 1900 million yr. Thus the effect of the initial radiogenic 
lead is exactly the same as loss of lead at 1200 X 10° yr. by a mineral 1900 x 10° 
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yr. old. Furthermore, the ratio Pb?°7/Pb?® of the lead which was lost, given 
by Equation 7, will be exactly the same as the Pb?°’?/Pb? ratio =0.12 of the 
assumed initial radiogenic lead. Thus, this result is actually what would be 
expected if a mineral of true age 1900 10° yr. had lost lead 1200 X10® yr. 
ago; from a slightly different point of view, the true age could be regarded 
as 1200X10° yr., with the remaining radiogenic lead regarded as initial 
radiogenic lead. Thus, the distinction between episodic loss and initial radio- 
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Fic. 11. Diagram showing the locus of points representing minerals 1200 
million yr. old which contained primary radiogenic lead of isotopic composition 
Pb?0? /Ph?% =0,12. 


genic lead cannot generally be made from either the pattern of discordant 
ages or from a study of isotopic composition of the radiogenic lead of neigh- 
boring lead minerals. In order to distinguish between these two interpreta- 
tions in those cases where this distinction is more than a matter of point 
of view, additional evidence is necessary. For example, if the uranium 
minerals seem to have a high concentration of this original radiogenic lead, 
whereas other minerals such as feldspars have but little, it would not seem 
plausible to suppose that this radiogenic lead was attracted in some way to 
the uranium mineral. Therefore, in this case it is more probable that the 
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radiogenic lead was in the uranium mineral because it never left, and the 
situation should more properly be regarded as a case of lead loss. 


ACCIDENTAL CONCORDANCE 


By use of the graphical scheme for calculating the effects of episodic lead- 
uranium fractionation described in the section on Gain or Loss of Lead or 
Uranium, it can be seen that, if the time of fractionation (71) is near the true 
age To, the chord connecting these two points will not lie very far from the 
curve concordia, and the ages represented by points along this chord will 
appear to be concordant within experimental error, even though they are 
unequal to To. This situation becomes more serious for young minerals, as 
in this region the curvature of concordia becomes very small. Thus, minerals 
less than about 250 million yr. old will usually appear concordant even 
though they are not, and concordance will no longer be a valid criterion for 
acceptance of the age as the correct one. 

However, it may prove significant that loss of intermediate daughter 
product will cause discordance even in young minerals, and if accurate age 
measurements are made on young minerals, it may be possible to evaluate 
the importance of loss of these intermediate products. This may be difficult 
because of the small amount of radiogenic Pb?” relative to normal Pb?® 
usually found in these young minerals. 


LABORATORY EXPERIMENTS BEARING ON THE ACTUAL 
CAUSES OF DISCORDANCE 


In general, laboratory investigations suffer from the almost insurmount- 
able difficulty of reproducing in the short time span available for the experi- 
ment the effects which occurred over millions of years in nature. However, 
measurements have been made which shed some light on the possible causes 
of discordance. 

Lead-uranium fractionation.—Leaching experiments on various uranium 
and thorium minerals have been carried out by Tilton (99) and by Starik 
(127). These workers find that there is a relationship between the relative 
ease of removal of lead, uranium, and thorium from a mineral and the type 
of fractionation needed in order to explain the observed discordant ages. 
Some of the results of Tilton are shown in Figure 12 and in Table XIII. 

Figure 12a shows the isotopic composition of the lead removed from the 
Goodhouse monazite by acid washing. The material removed has nearly the 
same isotopic composition as the original mineral except for an excess of 
common lead. Only small quantities of uranium, thorium, and lead were 
removed from the mineral, and there was not much fractionation of these 
elements. The ages (shown in Table XI) are concordant. For the Houtenbek 
monazite (Fig. 12b), on the other hand, the uranium-lead ages are discordant 
in a direction corresponding to loss of uranium. In the washing experiment, 
uranium was removed more readily than lead and thorium, and the lead 
removed was highly enriched in uranium lead, a result which indicates that 
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Fic. 12a,b,&c. The isotopic composition of lead removed by acid washing. The 
shaded areas illustrate the portion of the Pb, Pb?°7, and Pb? in the acid wash 
which is nonradiogenic. 
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TABLE XIII 


PERCENTAGES OF U, TH, PB WuiIcH ENTERED ACID WASHES 








Per Cent Entering Acid Wash 








Sample 
U Th Pb 
Monazite, Goodhouse, S. Africa 2.0 1.7 1.4 
Monazite, Houtenbek, S. Africa 7.3 1.8 4.8 
Zircon, Tory Hill, Ontario 15 





uranium and its daughters had been in positions where they could easily be 
removed chemically. The Tory Hill zircon (Fig. 12c) has concordant 
uranium-lead ages, but the thorium age is much too low. By acid washing, 
thorium lead (Pb?°*) is readily removed, while little uranium lead, uranium, 
and thorium are lost. 

All these results support the hypothesis that the observed discordant ages 
are produced by parent-daughter fractionation. Similar results are found by 
Starik; however, he does not report isotopic analyses of the leached lead. 

Loss of intermediate daughter products. Starik (127) and Giletti & Kulp 
(128) have published data on the loss of emanation from uranium and tho- 
rium minerals. Starik finds, at low temperatures, that radon is lost to a 
greater extent than the other isotopes of emanation, but the effect is not as 
great as might be expected from the great difference in half lives. This ob- 
servation suggests that some energetic process, probably nuclear recoil, 
causes some of the emanation isotopes to be in cracks and pores in the rock 
where the subsequent daughter products might be readily leached. Quanti- 
tatively, the effect of loss of emanation was not found to be serious for ura- 
nium minerals which are generally used for age determination (zircon, 
uraninite, monazite) but can be serious for altered and secondary uranium 
minerals. 

Kuroda (129) has studied the ratio of the activity of the radium isotopes 
from the U® and U™® series which should be in equilibrium with their long- 
lived parent isotopes. He finds that in many uraninites and pitchblendes the 
Ra” occurring in the U™ series is excessive by as much as 12 per cent. If this 
observation is generally true and the effect has existed over the entire life- 
time of the mineral, appreciable discordance should result. Confirmation of 
this surprising effect and further investigation along these lines would be 
valuable. However, it must be remembered that experiments of this sort are 
dependent on the recent history of the mineral, and the presence of ground 
water and other superficial causes of alteration may have disturbed the 
equilibrium of parent and intermediate daughter products in recent times. 


INTERPRETATION OF DISCORDANT URANIUM-LEAD AGES 


Because of the great variety of possible causes of discordance, in most 
cases not much can be said concerning the actual cause. However, when 
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measurements have been made on a number of specimens which have had 
a similar geological history, it seems to appear that inferences may be made 
concerning the cause of discordance and the geological history. 

There are two cases in the literature where a number of discordant ages 
from a given locality have been published. The first is the Goldfields region 
around Lake Athabaska, Saskatchewan [Collins, Farquhar & Russell (130); 
Eckelmann & Kulp (131)], and the other is the Witwatersrand of South 
Africa [Louw (132); Davidson (133); Ahrens (134, 135); Wetherill (136); 
Russell & Ahrens (137)]. 

The experimental data of Collins, Farquhar & Russell (130) and of 
Eckelmann & Kulp (131) are plotted in Figure 13. Table XIV shows the 
results of measurements of Wasserburg & Hayden (11) and Wetherill e¢ al. 
(83) on minerals from a pegmatite at Viking Lake in this region. These 
measurements indicate a period of rock formation in this region about 1900 
million yr. ago. In line with the discussion of episodic fractionation of lead 
and uranium, the group of points spread along the line between 1900 million 
yr. and 200 million yr. on concordia can be interpreted as having been 
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Fic. 13. Discordant U-Pb ages, from Lake Athabaska, Saskatchewan (130, 131). 
The lines marked Pb*°7?/Pb?% =0.17 and 0.12 represent radiogenic lead found in lead 
minerals which can be interpreted as some of the lead lost by the minerals. 
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TABLE XIV 


AGE DETERMINATIONS ON PEGMATITE, VIKING LAKE, SASKATCHEWAN 








Ages in Millions of Years 





Mineral 
U8-Ph26 [J2%5-Ph207_ Ph207-Ph20%e  K-A Rb-Sr Ref. 





Uraninite 1850 1880 1910 (11) 
Uraninite 1790 1830 1870 (83) 
Mica 1800 (72, 83) 
Feldspar 1630 (11) 





formed 1900 million yr. ago and having suffered lead removal 200 million 
yr. ago. A second group of minerals appears to be 1900 million yr. old and 
to have lost lead 1200 million yr., ago, while a third group was severely 
altered 1200 million yr. ago and again underwent uranium-lead fractionation 
200 million yr. ago. This is the possible interpretation obtained by Eckel- 
mann & Kulp (131) by numerical calculation, and it is more readily recog- 
nized by this graphical presentation. In addition, these two groups of workers 
have analyzed six samples of anomalous (radiogenic) lead from lead minerals 
in this area and found two types. In one case, the ratio radiogenic Pb?°’?/ Pb? 
is equal to 0.12 + 0.01, and in the other case 0.17 +0.01. Straight lines having 
these slopes are plotted in Figure 13; and, in line with the previous discussion, 
this lead may be interpreted as some of the lead which was lost during the 
episodes of uranium-lead fractionation. 

Appealing as this intepretation may be, it is unfortunately not unique. 
First, there is the undeniable scatter in the points, which is what would be 
expected from two episodes of fractionation; nevertheless, it makes interpre- 
tation more difficult. The same data could be interpreted as representing 
minerals about 200 10° yr. old which contain primary radiogenic lead, as 
discussed earlier. However, in view of the evidence for 1900X10® yr. old 
rocks in the area, this is probably one of those cases where the difference is 
a matter of point of view. Russell & Ahrens (137) have offered an alternative 
explanation of such regularities. They suggest that by the process of nuclear 
recoil, about 9 per cent more intermediate daughter product is lost from the 
U*5 system than from the U**8 system. This will also result in similar linear 
patterns. However, it is difficult to envisage a mechanism which will result 
in the constant 9 per cent difference regardless of whether a little or almost 
all of the intermediate product is lost. Furthermore, this explanation requires 
that the Athabaska minerals be fundamentally of two different ages, about 
1200 10° yr. and 1900X10* yr., and offers no explanation for the group 
along the line between 1900 X10® yr. and 1200 10° yr., nor for the radio- 
genic lead with Pb?°7/Pb?°%* =0.12 found in the lead minerals. Therefore, the 
first explanation, that given by Eckelmann and Kulp, seems to fit the data 
in the simplest and most satisfactory way. 
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In order to explore further the causes of discordant ages, it will be neces- 
sary to have more such collections of data, preferably from granites and 
pegmatites, perhaps in such areas as the Appalachians where there is good 
evidence that many of the rocks were formed about 1000 10° yr. ago and 
were metamorphosed about 30010 yr. ago. A more extensive collection 
of published discordant ages is given by Eckelmann & Kulp (138). 


CONCLUDING REMARKS 


This review has been primarily concerned with showing the extent to 
which the methods for the determination of mineral age have been estab- 
lished. It now seems clear that the tools are at hand with which the age 
provided by any method can be tested. It would then seem appropriate to 
present here one example of the use of mineral ages to establish the existence 
of a large geologic province whose form could have hardly been imagined 
using classical geologic methods. The data are given in Table XV and consist 
of Rb-Sr and K-A ages of granitic rocks collected in the western United 
States solely on the basis that they were Precambrian (139). This table does 
not include all the Precambrian rocks in these states but does include all 
that have been measured. Their geographic distribution is shown in the map 
of Figure 14. The lettered positions locate rocks with ages markedly dif- 
ferent from 1350 X 106 yr. Other rocks of this approximatie age (1350 X 10° yr.) 
have been found in eastern Oklahoma, central Missouri, the upper Michigan 


TABLE XV 


K-A AND RB-SR AGEs OF Rocks FROM WESTERN UNITED STATES 








Ages in Millions of Years 





Sample Location 
K-A Rb-Sr 





Gneiss, Zoroaster, Grand Canyon, Arizona 1350 1370 
Lawler Peak Granite, Bagdad, Arizona 1360 1390 
Pegmatite in Lawler Peak Granite 1380 1500 
Pegmatite, Wickenberg, Arizona 1120 1300 
Pidlite Mine, Mora Co., New Mexico 1280 1490 
Granite, Sandia Mountains, Albuquerque, New Mexico _—1300 1340 
Harding Mine, Dixon, New Mexico 1260 1300 
Uncompahgre Granite, Mesa Co., Colorado 1300 1320 
Granite, Doyleville, Colorado 1280 1310 
Brown Derby Pegmatite, Ohio City, Colorado 1300 1390 
Silver Plume, Colorado 1230 1360 
Granite, Sherman, Wyoming 1380 1410 
Thermopolis, Wyoming 2250 2420 
B. Keystone, S. Dakota 1380 1650 
Ca. Pikes Peak, Colorado 1060 1090 
Cb. Llano, Texas 1060 1100 
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Fic. 14. Geographic distribution of measurements of Table XIII showing the 
wide distribution (1 to 11) of rocks 1350 million yr. old and the occurrence of rocks 
of different age (A, B, C). 


peninsula, and eastern Ontario. It would appear that a widespread geologic 
event by which micas were formed occurred 1350 X 10° yr. ago and that no 
subsequent geologic event, including that which produced the present 
mountain structure in southwest United States, removed or seriously dis- 
torted the evidence for the geologic activity which produced the minerals 
studied. Other examples of this type of data exist, and the patterns are 
beginning to emerge as additional data are obtained. There remains to be 
learned the extent of the simultaneity of geologic events on a world-wide 
scale. 

In summary, the assumptions required for a valid mineral age—that the 
minerals form a closed system for the elements involved and that none of 
the daughter element is included when the mineral is formed—are tested, 
at least in part, by the determination of both the Rb-Sr and K-A age of 
the mineral. The agreement of these two ages is believed to be an indication 
of the absolute age of the mineral. Further, it has been found that micas 
often show evidence of satisfying the assumptions even when the U and Th 
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minerals do not. It is concluded that the most reliable method for deter- 
mining the age of common rocks is from the K-A and Rb-Sr ages of mica. 
Data exist which indicate that discordant U-Pb ages of several minerals from 
the same geologic unit may, in some cases, provide both the age of rock 
formation and the time the rocks were altered. Similar information may be 
included in the discordance of K-A and Rb-Sr ages, but insufficient data are 
available to know how to derive this information at present. 


LITERATURE CITED 


. Boltwood, B. B., Am. J. Sci., 23, 77 (1907) 

. Knopf, A., Schuchert, C., Kovarik, A. F., Holmes, A., and Brown, E. W., “The 
Age of the Earth,”’ Natl. Acad. Sci. (U.S.)-Natl. Research Council, 487 pp. 
(1931) 

3. Aston, F. W., Proc. Roy. Soc. (London), A140, 535 (1933) 

. Nier, A. O., Phys. Rev., 55, 150-63 (1939) 

. Nier, A. O., Thompson, R. W., and Murphy, B. F., Phys. Rev., 60, 112-16 
(1941) 

. Kohman, T. P., and Saito, N., Ann. Rev. Nuclear Sci., 4, 401 (1954) 

. Ahrens, L. H., Phys. and Chem. Earth, 1, 44 (1956) 

. Kulp, J. L., Advances in Geophysics, 2, 179 (Academic Press, New York, N.Y., 
286 pp., 1955) 

. Wilson, J. T., Russell, R. D., and Farquhar, R. M., Handbuch der Physik, 47, 
288-363 (Springer-Verlag, Berlin, Germany, 659 pp., 1956) 

. Faul, H., Ed., Nuclear Geol. (John Wiley & Sons, New York, N. Y., 414 pp., 
1954) 

. Wasserburg, G. J., and Hayden, R. J., Geochim. et Cosmochim. Acta, '7, 51-60 
(1955) 

. Wasserburg, G. J., Hayden, R. J., and Jensen, K. J., Geochim. et Cosmochim. 
Acta, 10, 153-65 (1956) 

. Geiss, J., Z. Naturforsch., 9A, 218 (1954) 

. Farquhar, R. M., and Russell, R. D., Trans. Am. Geophys. Union, 38, 552 (1957) 

. Russell, R. D., Farquhar, R. M., and Hawley, J. E., Trans. Am. Geophys. 
Union, 38, 557 (1957) 

. Vinogradov, A. P., and Zykov, S. I., Doklady Akad. Nauk S.S.S.R., 105, 126 
(1955) 

. Geiss, J., Chimia (Switz.), 11, 349 (1957) 

. Patterson, C. C., Geochim. et Cosmochim. Acta, 7, 151 (1955) 

. Wasserburg, G. J., and Hayden, R. J., Phys. Rev., 97, 86 (1955) 

. Schumacher, E., Z. Naturforsch., 11A, 206 (1956) 

. Webster, R. K., Morgan, J. W., and Smales, A. A., Trans. Am. Geophys. Union, 
38, 543 (1957) 

2. Tilton, G. R., and Davis, G. L., Frontiers in Geochemistry (Abelson, P. H., 
Ed., John Wiley & Sons, Inc., New York, N. Y., to be published, 1958) 

. Fleming, E. H., Jr., Ghiorso, A., and Cunningham, B. B., Phys. Rev., 88, 642- 
52 (1952) 

24. Kovarik, A. F., and Adams, N. L., Jr., J. Appl. Phys., 12, 296 (1941) 

. Curtis, L. F., Stockman, L., and Brown, B. W., Natl. Bur. Standards (U.S.), 
Rept. A-80 (Unpublished data, 1941); Discussed in Reference (23) 





GEOCHRONOLOGY BY RADIOACTIVE DECAY 


. Kienberger, C. A., Phys. Rev., 76, 1561 (1949) 

. Kovarik, A. F., and Adams, N. L., Jr., Phys. Rev., 98, 46 (1955) 

. Clark, F. L., Spencer-Palmer, H. J., and Woodward, R. N., Bull. Jealott’s 
Hill Research Sta., Imp. Chem. Ind., Ltd.; Declassified Rept. BR-522 (Unpub- 
lished data, 1944) 

. Knight, G. B., U. S. Atomic Energy Commission Report, ORNL K-663 (Unpub- 
lished data, 1950) 


30. Sayag, G. J., Compt. rend., 232, 2091 (1951) 

31. Wiirger, E., Meyer, K. P., and Huber, P., Helv. Phys. Acta, 30, 157 (1957) 
32. Ghiorso, A., Phys. Rev., 82, 979 (1951) 

33. Kovarik, A. F., and Adams, N. L., Jr., Phys. Rev., 54, 413-21 (1938) 

34. Senftle, F. E., Farley, T. A., and Lazar, N., Phys. Rev., 104, 1629 (1956) 
35. Picciotto, E., and Wilgain, S., Nuovo cimento, 4, 1525 (1956) 

36. Morrison, P., Phys. Rev., 82, 209 (1951) 


. Bell, P. R., and Cassidy, J. M., Phys. Rev., 79, 173 (1950) 

. Fireman, E. L., Phys. Rev.,'75, 1447 (1949) 

. Colgate, S. A., Phys. Rev., 81, 1063 (1951) 

. Sawyer, G. A., and Wiedenbeck, M. L., Phys. Rev., 79, 490 (1950) 


41. Major, J. K., and Biedenharn, L. C., Revs. Modern Phys., 26, 321 (1954) 


. Rose, M. E., and Jackson, J. L., Phys. Rev., '76, 1540 (1949) 

. Davidson, J. P., Jr., Phys. Rev., 82, 48 (1951) 

. Hoff, R. W., and Rasmussen, J. O., Phys. Rev., 101, 280 (1956) 

. Gleditsch, E., and Graf, T., Phys. Rev., 72, 640 (1947) 

. Graf, T., Phys. Rev., 74, 831 (1948) 

. Ahrens, L. H., and Evans, R. D., Phys. Rev., 74, 279 (1948) 

. Hess, V. F., and Roll, J. D., Phys. Rev., 73, 916 (1948) 

. Stout, R. W., Phys. Rev., 75, 1107 (1949) 

. Sawyer, G. A., and Wiedenbeck, M. L., Phys. Rev., 76, 1535 (1949) 

. Spiers, F. W., Nature, 165, 356 (1950) 

. Faust, W. R., Phys. Rev., 78, 624 (1950) 

. Graf, T., Rev. Sci. Insir., 21, 285 (1950) 

. Houtermans, F. G., Haxel, O., and Heintze, J., Z. Physik, 128, 657 (1950) 
. Smaller, B., May, J., and Freedman, M., Phys. Rev., 79, 940 (1950) 

. Good, M. L., Phys. Rev., 83, 1054 (1951) 

. Delaney, C. F. G., Phys. Rev., 82, 158 (1951) 

. Burch, P. R. J., Nature, 172, 361 (1953) 

. Suttle, A. D., Jr., and Libby, W. F., Anal. Chem., 27, 921-27 (1955) 

. Backenstoss, G., and Goebel, K., Z. Naturforsch., 10A, 920 (1955) 

. MeNair, A., Glover, R. N., and Wilson, H. W., Phil. Mag., 1, 199 (1956) 
. Wetherill, G. W., Science, 126, 545-49 (1957) 

. Feldman, L., and Wu, C. S., Phys. Rev., 87, 109 (1952) 

. Haxel, O., Houtermans, F. G., and Kemmerich, M., Phys. Rev., 74, 1886- 
87 (1948) 

. Kemmerich, M., Z. Physik, 126, 399-409 (1949) 

. Curran, S. C., Dixon, D., and Wilson, H. W., Phys. Rev., 84, 151 (1951) 

. MacGregor, M. H., and Wiedenbeck, M. L., Phys. Rev., 86, 420-21 (1952) 
. Lewis, G. M., Phil. Mag., 43, 1070 (1952) 

. Geese-Bahnisch, I., and Huster, E., Naturwissenschaften, 41, 495-96 (1954) 
. Flinta, J., and Eklund, S., Arkiv Fysik., 7, 401 (1954) 





ALDRICH AND WETHERILL 


. Libby, W. F., Anal. Chem., 29, 1566 (1957) 

. Aldrich, L. T., Wetherill, G. W., Tilton, G. R., and Davis, G. L., Phys. Rev., 
103, 1045-47 (1956) 

. Inghram, M. G., Ann. Rev. Nuclear Sci., 4, 81 (1954) 

. Wetherill, G. W., Tilton, G. R., Davis, G. L., and Aldrich, L. T., Geochim. et 
Cosmochim. Acta, 9, 292-97 (1956) 

. Aldrich, L. T., Davis, G. L., Tilton, G. R., and Wetherill, G. W., J. Geophys. 
Research, 61, 215-32 (1956) 

. Aldrich, L. T., Science, 123, 871 (1956) 

. Aldrich, L. T., Wetherill, G. W., and Davis, G. L., Geochim. et Cosmochim. 
Acta, 10, 238-40 (1956) 

. Jamieson, R. T., and Schreiner, G. L. D., Proc. Roy. Soc. (London), B146, 257- 
69 (1957) 

. Gast, P. W., Kulp, J. L., and Long, L., Trans. Am. Geophys. Union, 39, 322-34 
(1958) 

. Kulp, J. L., and Eckelmann, W. R., Am. Mineralogist, 42, 154-64 (1957) 

. Holmes, A., and Cahen, L., Colonial Geol. and Mineral Resources, 5, 3-38 (1955) 
. Holmes, A., Proc. Geol. Assoc. Can., 7, 81-105 (1955) 

. Wetherill, G. W., Wasserburg, G. J., Aldrich, L. T., Tiltion, G. R., and Hayden, 
R. J., Phys. Rev., 103, 987-89 (1956) 

. Powell, R. M., Pinson, W. H., Jr., Fairbairn, H. W., and Cormier, R. F., Bull. 
Geol. Soc. Am., 68, 1782 (1957) 

. Jeffery, P. M., Geochim. et Cosmochim. Acta, 10, 191-95 (1956) 

. Wetherill, G. W., Davis, G. L., and Aldrich, L. T., Trans. Am. Geophys. Union, 
38, 412 (1957) 

. Gast, P. W., Bull. Geol. Soc. Am., 68, 1449-54 (1955) 

. Gerling, E. K., and Suhukoliukov, U. A., Geokhimiya, No. 3, 187 (1957) 

. Reynolds, J. H., Geochim. et Cosmochim. Acta, 12, 177 (1957) 

. Wetherill, G. W., Aldrich, L. T., and Davis, G. L., Geochim. et Cosmochim. 
Acta, 8, 171-72 (1955) 

. Gerling, E. K., and Morozova, I. M., Geokhimiya, No. 4, 304-11 (1957) 

. Gentner, W., Prag, R., and Smits, F., Geochim. et Cosniochim. Acta, 4, 11 (1953) 
. Gentner, W., Goebel, K., and Prag, R., Geochim. et Cosmochim. Acta, 5, 124 
(1954) 

. Gentner, W., and Trendelenberg, E., Geochim. et Cosmochim. Acta, 6, 261-67 
(1954) 

. Curtis, G. H., and Reynolds, J. H., Bull. Geol. Soc. Am., 69, 151-60 (1958) 

. Damon, P. E., and Kulp, J. L., Am. J. Sci., 255, 697-704 (1957) 

. Tilton, G. R., and Nicolaysen, L. D., Geochim. et Cosmochim. Acta, 11, 28-40 
(1957) 

. Vinogradov, A. P., Geokhimiya, No. 5, 3-17 (1956) 

. Tilton, G. R., Trans. Am. Geophys. Union, 37, 224-30 (1956) 

. Larsen, E. S., Jr., Keevil, N. B., and Harrison, H. C., Bull. Geol. Soc. Am., 63, 
1045-52 (1952) 

. Tilton, G. R., Davis, G. L., Wetherill, G. W., and Aldrich, L. T., Trans. Am. 
Geophys. Union, 38, 360-71 (1957) 

. Larsen, E. S., Jr., Waring, C. L., and Berman, J., Am. Mineralogist, 38, 1118- 
25 (1952) 

. Damon, P. E., and Kulp, J. L., Trans. Am. Geophys. Union, 38, 945-53 (1957) 





GEOCHRONOLOGY BY RADIOACTIVE DECAY 297 


. Holland, H. D., Nuclear Processes in Geologic Settings, 85 (Natl. Acad. Sci., 
Natl. Research Council Publ. 400, Washington, D. C., 204 pp., 1955) 

. Fairbairn, H. W., and Hurley, P. M., Trans. Am. Geophys. Union, 38, 99-107 
(1957) 

. Lipson, J., Bull. Geol. Soc. Am., 69, 137-50 (1958) 

. Cormier, R. F., Herzog, L. F., Pinson, W. H., and Hurley, P. M., Bull. Geol. 
Soc. Am., 67, 1681 (1956) 

. Smits, F., and Gentner, W., Geochim. et Cosmochim. Acta, 1, 22 (1950) 

. Folinsbee, R. E., Lipson, J., Reynolds, J. H., Geochim. et Cosmochim. Acta, 10, 
60 (1956) 

. Holmes, A., Trans. Geol. Soc. Glasgow, 21, 145 (1947) 

. Naldrett, S. N., and Libby, W. F., Phys. Rev., 73, 487, 987 (1948) 

. Herr, W., Hintenberger, H., and Voshage, H., Phys. Rev., 95, 1691 (1954) 

. Gentner, W., and Kley, W., Geochim. et Cosmochim Acta, 12, 323 (1957) 

. Dixon, D., and McNair, A., Phil. Mag., 45, 1099 (1954) 

. Herr, W., Merz, E., Eberhardt, P., and Signer, P., Z. Naturforsch., 13A, 268 
(1958) 

. Glover, R. N., and Watt, D. E., Phil. Mag., 2, 699 (1957) 

. Gerling, E. K., Levski, L. K., and Afansjeva, L. I., Doklady Akad. Nauk 
S.S.S.R., 109, 813-15 (1956) 

. Volchok, H. L., and Kulp, J. L., Geochim. et Cosmochim. Acta, 11, 219-46 (1957) 
. Piggot, C. S., and Urry, W. D., Bull. Geol. Soc. Am., 53, 1187 (1942) 

. Schaeffer, O. A., and Davis, R. Ann. N. Y. Acad. Sci., 62, 105 (1955) 

. Arnold, J. R., Science, 124, 584 (1956) 

. Goldich, S. S., Baadsgaard, H., and Nier, A. O., Trans. Am. Geophys. Union, 
38, 547-51 (1957) 

. Baadsgaard, H., Goldich, S. S., Nier, A. O., and Hoffman, J. H., Trans. Am. 
Geophys. Union, 38, 539-42 (1957) 

. Wickman, F. E., “Nuclear Processes in Geologic Settings,” 62 Natl. Acad. 
Sci.- Natl. Research Council Publ. 400, 204 pp. (1955) 

. Wetherill, G. W., Trans. Am. Geophys. Union, 37, 320-26 (1956) 

. Tilton, G. R., Wetherill, G. W., et al., Carnegie Inst. Wash. Yearbook, 55, 95 
(1955-56) 

. Starik, I. E., Geokhimiya, No. 5, 18 (1956) 

. Giletti, B. J., and Kulp, J. L., Am. Mineralogist, 40, 481 (1955) 

. Kuroda, P. K., Ann. N. Y. Acad. Sci., 62, 177 (1955) 

. Collins, C. B., Farquhar, R. M., and Russell, R. D., Bull. Geol. Soc. Am., 65, 
1 (1954) 

. Eckelmann, W. R., and Kulp, J. L., Bull. Geol. Soc. Am., 67, 35 (1956) 

. Louw, J. D., Trans. Geol. Soc. S. Africa, $7, 209 (1954) 

. Davidson, C. F., Mining Mag., 92, 152 (1955) 

. Ahrens, L. H., Geochim. et Cosmochim. Acta, 7, 294 (1955) 

. Ahrens, L. H., Geochim. et Cosmochim. Acta, 8, 1 (1955) 

. Wetherill, G. W., Geochim. et Cosmochim. Acta, 9, 290 (1956) 

. Russell, R. D., and Ahrens, L. H., Geochim. et Cosmochim. Acta, 11, 213 (1957) 
. Eckelmann, W. R., and Kulp, J. L., Bull. Geol. Soc. Am., 68, 1117-40 (1957) 

. Aldrich, L. T., Wetherill, G. W., and Davis, G. L., Bull. Geol. Soc. Am., 68, 
655-56 (1957) 





ALDRICH AND WETHERILL 


. Hurley, P. M., Pinson, W. H., Fairbairn, H. W., and Cormier, R. F., Trans. 
Am. Geophys. Union, 38, 396 (1957) 

. Suttle, A. D., Jr., and Libby, W. F., Phys. Rev., 95, 866 (1954) 

. Carr, D. R., and Kulp, J. L., Bull. Geol. Soc. Am., 68, 763-84 (1957) 

. Fritze, V. K., and Strassman, F., Z. Naturforsch., 11A, 277-80 (1956) 

. Tilton, G. R., Patterson, C., Brown, H., Inghram, M., Hayden R., Hess, D., 
and Larsen, E. S., Jr., Bull. Geol. Soc. Am., 66, 1131-48 (1955) 


5. Tilton, G. R., Aldrich, L. T., and Inghram, M. G., Anal. Chem., 26, 894-98 


(1954) 
. Holmes, A., Nature, 173, 612 (1954) 
. Herr, W., and Merz, E., Z. Naturforsch., 13A, 231 (1958) 





NUCLEAR ASTROPHYSICS! 


By A. G. W. CAMERON 
Atomic Energy of Canada Lid., Chalk River, Ontario, Canada 


INTRODUCTION 


Like many interdisciplinary subjects, that of nuclear astrophysics has had 
a very slow beginning, followed by a rapid spurt of activity during the last 
five years, when simultaneous progress in each of its parent fields reached 
the stage where experiments and calculations in nuclear physics could throw 
meaningful light on astrophysical observations. At the turn of the century 
Kelvin and Helmholtz had shown that release of gravitational potential 
energy would suffice to maintain the luminosity of the sun for some tens of 
millions of years, but it was soon realized that this was an insufficient source 
of solar energy, since the geologists found that many of the earth’s rocks 
had ages nearly two orders of magnitude greater than the above figure. It 
was then proposed that the sun derived its energy from the disintegration of 
heavy elements such as uranium and thorium, but this theory also became 
inadequate when it was found that the sun was composed mostly of hydrogen 
and contained only very small traces of the heaviest elements. Eddington and 
Jeans thought that the source of solar energy must lie in the conversion of 
mass into energy, either in some total conversion process or through the 
transformation of hydrogen into heavier elements. Nuclear physics was then 
too young a science to allow these hypotheses to be investigated. 

A vital step forward was taken when Atkinson & Houtermans (1) showed 
that charged particles had a small but finite probability of penetrating 
Coulomb potential barriers, and that there could thus be a slow but signifi- 
cant rate for the amalgamation of charged particles in stellar interiors at the 
temperature of several million degrees which had been calculated to exist 
there. It became apparent that solar-energy generation must result from 
energy release by exothermic nuclear reactions. The specific reactions re- 
sponsible for the energy generation were established in papers by Bethe (2), 
Weizsacker(3) , and Bethe & Critchfield (4). More recent work has done 
much to improve our knowledge of the reaction rates involved (5, 6). 

Meanwhile, it was becoming apparent to the astrophysicists that several 
classes of stars existed with abundances of certain elements which were 
strikingly different from those in normal stars. Many stars were found to 
have unusually large amounts of carbon; some of these also contained large 
excess abundances of heavy elements; and a few showed, in their spectra, 
strong lines of the unstable element technetium. A variety of other abun- 
dance anomalies was also present. It was thus evident that additional 
nuclear reactions must take place in stellar interiors. Salpeter (7) showed 
that helium could be converted into carbon and heavier elements. Cameron 


! The survey of literature pertaining to this review was completed in March, 1958. 
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(8) and Greenstein (9) found a mechanism by which neutrons could be pro- 
duced and captured by the heavy elements. 

More detailed investigations of stellar abundances now showed that there 
were systematic differences in the abundances of the elements in stars formed 
recently as compared to those formed a long time ago. While there appeared 
to be little difference in the relative abundances of most of the elements, it 
was found that the fraction of the mass of a star composed of elements heavier 
than hydrogen was correlated vith the age of the star, with very old stars 
commonly having only 10 per cent of the heavy-element content of the sun 
and recently formed stars usually having a larger fraction of heavy elements 
than the sun. It was also found that in addition to the obvious explosive 
ejection of matter from stars which occurs in novas and supernovas, a large 
number of stars were continuously emitting clouds of gas into space, presum- 
ably as a result of magnetic activity on their surfaces. 

The resulting picture of a gradual enrichment of the interstellar medium 
in the ordinary heavier elements, as a result of nuclear processing in stellar 
interiors, acted as a spur to nuclear physicists to investigate other nuclear 
reactions which might be expected to occur under various conditions in 
stellar interiors. They were greatly assisted in this endeavour by the new 
semiempirical cosmic abundance distribution of Suess & Urey (10). These 
investigations were very successful and have resulted in a quantitative 
theory of the origin of the elements (11 to 17). The remainder of this article 
is largely a review of this theory and of the evidence supporting it. 


THE STELLAR POPULATIONS 


In the spring of 1957 a conference on the problem of stellar populations 
was held at the Vatican. The conclusions reached there have been summa- 
rized by Hoyle (18). It now appears necessary to recognize at least five dis- 
tinct populations of stars in our galaxy. The oldest stars, with ages of about 
6 to 7X 10° years, include two populations, the Halo (or Extreme) Population 
II and the Intermediate Population II. The Halo group is nearly spherical, 
extends very far out into space, and consists of stars whose content of ele- 
ments heavier than helium is very variable but averages about 0.3 per cent 
by weight. The Intermediate Population II stars occupy a somewhat more 
flattened region, and their heavy-element contents are of the order of 1 per 
cent, or a little less. These two populations contain about 15 to 20 per cent 
of the mass of the galaxy. 

Most of the mass of the galaxy is contained in the Disk Population, a 
very flattened group of stars with ages 4 to 6X10° years. The heavy-element 
content varies from 1 to 2 per cent. The group includes our sun which has a 
heavy-element content of 1.5 per cent. 

The younger stars belong to the Older (or Intermediate) Population I 
and the Extreme Population I. The latter is most closely associated with 
the gas and dust in the galaxy. Perhaps about 10 per cent or a little less of 
the mass of the galaxy consists of these populations of stars. The heavy- 
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element content ranges up to about 4 per cent. These stars are closely asso- 
ciated with the gas and dust in the spiral arms of the galaxy. 

Only about 2 per cent of the mass of the galaxy is in the form of gas and 
dust. Most of this material is concentrated in the spiral arms, although low- 
density, high-velocity gas clouds also form a spherical halo around the galaxy. 
The rate of star formation in the spiral arms appears sufficient to exhaust 
the gas there in less than 10° years, but this gas seems to be replenished by 
ejection from the large number of stars in the central regions of the galaxy. 


STELLAR EVOLUTION 


The physical quantities of interest in stellar interiors include tempera- 
ture, density, gas pressure, radiation pressure, radiative opacity, chemical 
composition, rate of energy generation, and rate of energy transport. These 
quantities are functions of position in the star. They are related by four dif- 
ferential equations and by several physical laws (19). With these equations 
it is possible to construct a complete model of a star and then follow the 
changes which take place in the structure of the star as nuclear reactions 
change the chemical composition of the interior. However, this is a problem 
of considerable mathematical difficulty which requires numerical integration 
of the differential equations. The history of the subject has been one of using 
successively better approximations in the numerical treatment. Future 
progress requires the use of high-speed computers; it is limited at the present 
time by the great cost of computing time. For example, Hoyle estimates that 
it requires about 100 hr. of computing time to follow the evolution of one 
star of specific mass and initial chemical composition on an I.B.M. 704 com- 
puter. It would be desirable to follow the evolution of at least 100 such stars 
of different characteristics. However, 704 computing time usually rents for 
several hundred dollars per hour. 

Astrophysicists find it very useful to plot diagrams correlating the surface 
temperatures and luminosities of stars. These diagrams are sometimes called 
‘“‘Hertzsprung-Russell diagrams.’’ The points representing most of the stars 
in such diagrams fall within a narrow band called the ‘‘main sequence.” 
Most of the rare and unusual types of stars, such as red giants, white dwarfs, 
many types of variables, and pre- and postnovas are plotted in separate 
regions of the Hertzsprung-Russell diagram away from the main sequence. 
One of the major problems in the study of stellar evolution is to determine 
how the points representing various kinds of stars move within the Hertz- 
sprung-Russell diagram as the stars evolve. 

When a mass of gas condenses from the interstellar medium, the gravi- 
tational potential energy which is released is partly stored as internal heat, 
raising the internal temperature, and partly radiated from the surface into 
space. When the central temperature reaches the vicinity of 10° °K. the 
deuterium is destroyed by thermonuclear reactions (20). In a star like the 
sun the energy so released may halt the contraction process for several 
million years. At somewhat higher temperatures the small amounts of 
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lithium, beryllium, and boron present are destroyed in reactions with hydro- 
gen, forming as products He* and He‘. Then the contraction is halted, the 
star settles onto the ‘‘main sequence,” and the energy generation now results 
from the conversion of hydrogen to helium by reactions to be discussed in 
the following section. For a star like the sun the contraction process probably 
took between 50 and 100 million years. 

It takes a long time for the conversion of hydrogen to helium to take place 
in the central regions of most stars. The age of the sun is probably about 
4.5 10° years, or perhaps slightly more. In this time about half of the orig- 
inal hydrogen at the center has been converted to helium (21). The central 
temperature and density have risen slightly to maintain the energy genera- 
tion rate. The total luminosity of the sun has risen about 60 per cent over its 
original value since it first settled on the main sequence. Since the mean 
surface temperature of the earth can be expected to vary approximately as 
the fourth root of the solar luminosity, it appears likely that the mean surface 
temperature was lower than the freezing point of water until about 210° 
years ago, and, therefore, conditions were probably less favourable for the 
propagation of life in the remote past. 

For a star of about 1.25 times the mass of the sun, a typical value for 
older stars evolving away from the main sequence, the hydrogen will be 
exhausted in the central regions in about 5X 10° years (22). A slight further 
contraction must then set in until the central temperature is raised and the 
burden of energy generation is taken up by the hydrogen gas surrounding 
the helium core. For about another 10° years this ‘“‘shell source’”’ of energy 
continues to convert hydrogen into helium in regions of the star progressively 
farther from the center. At the same time a major structural change takes 
place in the star. Numerical integrations of the differential equations of the 
stellar interior show that the helium core contracts by a large factor; 
eventually densities in the vicinity of 105 gm./cm.' are reached at the center. 
The outer envelope of the star expands by a large factor. The star has now 
become a ‘“‘red giant.’ Its luminosity has increased by a factor of several 
hundred over that which it had on the main sequence, but the surface area 
is so large that the surface temperature is quite low. Some stars start ejecting 
clouds of gas at this stage in their evolution (23). 

Thermonuclear reactions normally are very sensitive to temperature, 
but stars usually have a built-in regulatory mechanism which prevents 
thermonuclear reactions from ‘‘running away”’ and causing an explosion. If 
we consider a local rise of temperature, the thermonuclear reaction rates 
will be increased, but the gas will expand until the temperature falls and the 
thermonuclear reactions are quenched. However, at densities in the vicinity 
of 105 gm./cm.* the Pauli exclusion principle causes the electrons to form a 
degenerate gas with a very high thermal conductivity. The regulatory 
mechanism no longer works. Most of the energy resides in the electrons and 
only a small amount in the ions, so that the properties of the gas are very 
insensitive to the temperature. Eventually the temperature of the central 
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stellar regions reaches about 108 °K. At this point helium thermonuclear re- 
actions commence. When the energy generation from these reactions exceeds 
the outward flux of energy, the gas heats and expands rapidly until it be- 
comes nondegenerate and the normal regulatory mechanism quenches the 
helium reactions. The large amount of energy generated during the core 
expansion may cause internal mixing between the hydrogen and helium re- 
gions in the star. 

The further evolution of the star has not yet been followed by quantita- 
tive calculations based on evolutionary model sequences. Stars in later 
stages of evolution appear to lose mass. Some of them may attain very high 
values of central temperature and density. It is possible to calculate in a 
general way the chemical evolution of these stars simply by assuming higher 
temperatures and seeing what nuclear reactions then become possible. In 
this way many anomalous abundances of the elements which appear to exist 
in some stars in advanced stages of evolution can be explained. 

Eventually all the stars appear to end their existence as white dwarf 
stars. These are very compact structures in which the electrons form a 
degenerate gas. Their average mass is about 0.6 times that of the sun (24). 
The degeneracy pressure of the electrons prevents these stars from con- 
tracting, and hence they contain no nuclear energy sources, but are gradually 
radiating away their internal heat. This is a process that requires many 
billions of years. 


HYDROGEN THERMONUCLEAR REACTIONS 


Until recently the study of stellar structure and evolution has not re- 
quired very exact knowledge of thermonuclear reaction rates. The reason 
for this is that stellar models were not very well determined, and an error in 
the energy generation rate could be compensated by a small change in tem- 
perature. The situation has now changed, however, since stellar models, 
particularly of the sun, have been greatly improved. Interest has also arisen 
in the chemical evolution of a star. Since the relative rates of two thermo- 
nuclear reactions which give different product nuclides are very much less 
sensitive to temperature than the reaction rates themselves, it has become 
important to determine these rates as accurately as possible. 

In a hot gas the number of nuclear reactions of one kind per cm.’ per 
second is r = mn2(ov) where m,; and m2 are the number densities of the reacting 
particles, v is the velocity of the particles in the center-of-mass system, and 
ao is the cross section for the reaction at the velocity v. At any temperature 
the probability distribution of velocities is the Maxwell distribution; at 
higher velocities the most important factor in the distribution function is 
e-”, where ¢ is a constant. The charged particles must penetrate their 
mutual Coulomb barrier with energies small compared to the barrier height. 
Under such circumstances the dominant factor in the barrier penetration 
probability is e~*’/” where c’ is a constant. The product of these two ex- 
ponential functions is strongly peaked at about 5 or 10 times kT under normal 
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conditions of interest. The major contribution to the thermonuclear reaction 
rate comes from bombarding energies in this optimum range unless there is a 
nearby resonance, in which case the resonance energy is preferred. Such 
resonances can increase thermonuclear reaction rates by as much as five or 
six orders of magnitude. Furthermore, at the fairly high densities present in 
stellar interiors, electron shielding can lower the effective Coulomb barrier 
height, but this effect usually increases the reaction rates by less than a 
factor two. 

For a nonresonant thermonuclear reaction the number of reactions per 
second per nucleus of type 2 is (5): 


px(Ai + A2)S 
A;*A2Z,Z2 


2e-7 sec 
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and Z;, Zs, Ai, A2 are the charge and mass numbers of the reacting particles, 
p is the density of the gas in gm./cm.', x, is the fractional concentration by 
weight of the particles of type 1, T is the temperature in units of 10°°K., and 
E is the bombarding energy in kev in the center-of-mass system. The nuclear 
reaction function S is approximately constant when there are no resonances 
near the optimum thermonuclear bombarding energy. 

The nuclear cross sections at optimum thermonuclear bombarding 
energies are much too small to be measured in the laboratory. Progress in 
nuclear astrophysics has thus depended on calculations of these cross sections 
from nuclear theories and on the measurement of the cross sections at rela- 
tively low laboratory energies and extrapolation to the thermonuclear region, 
sometimes with the help of nuclear dispersion theory. In the case of resonant 
thermonuclear reactions, it is necessary to determine the appropriate proper- 
ties of the nuclear state involved. 

The main source of energy generation in the sun and in other stars of 
lesser luminosity is the proton-proton chain, or, more correctly, one of several 
proton-proton chains. These chains are shown in Figure 1. The basic reaction 
in all of them is H'(p, Btv)D*. The probability that a beta decay will take 
place during the small interval that two protons are in collision is extremely 
small, but nevertheless it can be calculated from the known properties of the 
nuclear two-body system and from beta-decay theory (5, 16, 17). The cross- 
section factor is S=28.5(1+0.008 E)X10-*% kev barn +10 per cent. The 
error in this reaction rate is compounded about equally between the un- 
certainty in the Gamow-Teller coupling constant in beta decay and in the 
calculation of the matrix element for the transition (5). L. Heller (private 
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(a,y) Be (e,v)Li(p,a) He’ 
(p,y)B (8*v) Be (a) He- 


Fic. 1. The proton-proton chains of reactions. 


communication) has investigated the effects of vacuum polarization on the 
reaction rate; he finds the factor S to be decreased by approximately 1.5 per 
cent because of this effect. He also finds the transition matrix element to be 
more uncertain than supposed by Saltpeter. 

The second reaction in the chains, D*(p, y) He’, has the rather small cross- 
section factor S=7.8X10-* kev barn (25), but since it follows a reaction 
so very much slower, the deuterium is very rapidly destroyed in stellar 
interiors. 

There are two possible reactions by which the He® can be destroyed. At 
smaller temperatures He® builds up to a fairly large equilibrium abundance 
and the principal destructive reaction is He*(He’, 2p)He‘, with S=1.2 X10 
kev barn (17). This reaction forms one He‘ nucleus for each two proton- 
proton reactions. 

At higher temperatures the He* concentration in equilibrium becomes 
much smaller, and the principal destructive reaction becomes He*(a, ) Be’. 
The cross-section factor for this reaction has recently been found to be 0.7 
kev barn [(26) and private communication from Holmgren]. This reaction 
rate is very much larger than had previously been estimated (5), and the 
reaction is very likely an example of a direct capture reaction. In such re- 
actions, if there are states in the compound nucleus with only small binding 
energy and a large reduced width for the bombarding particle, there is a 
relatively large cross section for the bombarding particle (with appropriate 
angular momentum) to be captured by an electric dipole transition. The 
cross section for this process must be calculated directly rather than from 
nuclear dispersion theory because almost all of the contributions to the 
transition matrix element can come from outside the usual nuclear ra- 
dius (27). 

It appears that the He*(a, y) Be’ reaction was of little importance in the 
sun when it was first formed, but now with a slightly higher central tempera- 
ture and a larger He‘ concentration, it appears that the He*(a, 7) Be’ reaction 
predominates in the central regions of the sun (27). 

The next branch in the proton-proton chains occurs when we consider 
mechanisms for the destruction of Be’. In stellar interiors this nucleus is 
completely ionized almost all the time, but it can decay by capturing one 
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of the free electrons present. The rate for this process has been estimated for 
a system of high temperature and low density by replacement of the wave- 
function for a K electron at the nucleus by that for a free electron (27); the 
result is 


(1 + xx) 


Pelectroncapture = 1.9 X 107° Tie 


J 

where the symbols are as before and xq is the fractional concentration by 
weight of hydrogen. At higher densities this capture rate is probably some- 
what reduced. 

Be’ can also be destroyed by the Be’(p, y)B*® reaction. Since the last 
proton in B® is bound by only 136 kev, it is likely that the rate for this 
reaction is fairly large owing to the direct capture process; one factor that 
limits it is the reduction in the reduced proton width of the ground state 
caused by the coupling between equivalent particles. Cameron (27) estimates 
the reaction rate constant to be about 0.8 kev barn. Christy & Duck [quoted 
in (28)] estimate this quantity to be 0.2 kev barn. According to these esti- 
mates the rate of formation of B* is somewhat less than that of the electron 
capture of Be’ at the center of the sun. 

If B* is formed, it rapidly beta-decays to Be* in the 3-Mev excited state, 
which in turn rapidly becomes two a-particles. The rate of formation of Het 
is twice that in the case of the He*(He*, 2p)He* reaction, since one Het 
nucleus is formed for each proton-proton reaction, regardless of whether 
Be’ captures protons or electrons. However, if B* is formed, the effective 
rate of energy generation per proton-proton reaction is not doubled, since 
about 27 per cent of the energy of He‘ formation is lost from a stellar in- 
terior in the form of the high-energy neutrinos emitted in the decay of B®. 
These neutrinos have an average energy of about 7 Mev. 

Cameron (27) has estimated that the flux of B® neutrinos at the earth is 
about 210° cm.~? sec.—!. According to R. Davis, Jr. (private communica- 
tion) this flux should be detectable by the Cl*’(v, e~)A*’ reaction if more 
than 10,000 gallons of CCl are placed in a deep mine. It is expected that 
neutrinos from the sun will drive this reaction, whereas neutrinos from a 
reactor will not, if the two-component neutrino hypothesis (51) is correct. 
If a 10,000-gallon CCl, experiment should give a positive result, then Reines 
(private communication) estimates that a meaningful negative result in the 
D?(3, 8*)2n reaction can be obtained with a slightly enlarged Cowan-Reines 
apparatus (29) placed in a deep mine. This reaction is expected to be induced 
by reactor but not solar neutrinos. These experiments may eventually help 
to establish a fundamental point in beta-decay theory. 

Red giant stars have deep outer convective envelopes. If the convection 
extends down to depths at which Be’ is formed, then a small but greater than 
natural equilibrium abundance of the decay product Li’ may be maintained 
at the surface (8, 27). Many red giant stars do show unusually strong lines 
of lithium (52 to 55). 
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Massive stars and stars with shell-energy sources obtain most of their 
energy generation by the carbon-nitrogen-oxygen cycles. The CNO cycles 
are shown in Figure 2. The most accurate measurements of the cross-section 
factors for these reactions have been made with a high-current ion source 
at Livermore (30, 31). For C!*#(p, y)N*8, S=1.2 kev barn, and for N"(p,7)O", 
S=2.8 kev barn. It is possible that the N(p, y)O" reaction may have a 
thermal resonance, since there is one more level in the appropriate region 
of excitation energy in the mirror nucleus N* than has been found in O%; 
but since typical level shifts between mirror nuclei are of the order of 1 Mev, 
the chances are small that this resonance occurs in the region of the thermo- 
nuclear bombarding energies, which is only a few kev wide. 


CARBON-NITROGEN-OXYGEN CYCLES 
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Fic. 2. The carbon-nitrogen-oxygen cycles of reactions. 


For the C(p, y)N™ reaction, older measurements give S=6+2 kev 
barn (6). Preliminary measurements at Livermore (W.A.S. Lamb and R. E. 
Hester, private communication) give a value twice as large, but these cannot 
yet be considered reliable. The ratio of abundances of the C!* and C"’ isotopes 
at equilibrium in the carbon-nitrogen cycle is of particular astrophysical 
interest. From analyses of molecular bands caused by the C2 molecule in red 
giant stars, it has been found (56) that the ratio of C!? to C abundances 
commonly lies in the range of 3 to 4; in other stars and on earth it is very 
large. With the older values of S quoted above, the carbon-nitrogen cycle 
equilibrium abundance ratio is 4.3+1.6, in agreement with the idea that 
carbon has been processed into CN equilibrium abundance ratios in many of 
the red giant stars. 

The first branching point in the CNO cycles occurs when we consider 
proton reactions with N™. For N'%(p, a)C!, S=(1.1+0.3) X105 kev barn. 
This is much the fastest of the CN cycle reactions, and the equilibrium 
abundance of N* is correspondingly very low. The other possible reaction 
is N5(p, y)O"*. Old estimates of the cross-section factor (16) gave S=11 kev 
barn. However, it now appears that the rate of this reaction is enhanced 
by interference between nearby levels, and it may be as much as an order of 
magnitude larger than previously thought. Hence the branching ratio for 
proton capture lies in the range 10-* to 10~*. This represents an appreciable 
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possible leakage of C and N isotopes to O"*, since the CN part of the CNO 
cycles may be traversed of the order of 10* times before hydrogen has been 
completely converted into helium in a star. 

Cross sections for the reaction O'%(p, y)F!” have recently been measured 
by Tanner and Pixley at the California Institute of Technology, by Lamb, 
Hester, and Pixley at Livermore, and by Griffiths and Robertson at the 
University of British Columbia (private communications). Their results 
give S=6+2 kev barn. This is another direct capture reaction. Under 
typical temperature conditions in hot stars, this indicates that the destruc- 
tion of O'* is two orders of magnitude slower than the N'4(p, y)O" reaction, 
which is the slowest of the CN cycle. This rate is sufficient to deplete O** 
by a large factor before hydrogen is exhausted in a star. 

The subsequent reactions are faster than the destruction of O'*, owing to 
the larger reaction widths associated with exothermic charged-particle emis- 
sion. Most of the O'* nuclei are fed into the CN cycle via the O!"(p, a)N" 
reaction. The smaller number that branch via the O'"(p, y)F!* reaction will 
be almost completely fed into the CN cycle by the O'%(p, a)N*® reaction. 
The cross-section factors for these reactions have not yet been measured. 
Because O'* is destroyed faster than it is replenished by leakage from the 
CN cycle, in full equilibrium in the CNO cycles the ratios of C to N to O 
nuclei will be about 1 to 100 to x, where 1 <x <10. These numbers are slightly 
sensitive to temperature. They are essentially in agreement with the 
abundances determined to be in the ratios 0.25 to 100 to 8 for the highly- 
evolved star HZ44 (32). In this case it would appear that the CN part of 
the cycle had been frozen with an equilibrium abundance characteristic of 
10 108 °K. 

Hydrogen thermonuclear reactions with heavier nuclei are also of interest. 
The small amount of fluorine in a star is fed into the CNO cycles by the 
F19(p, a)O"* reaction. The cross-section factor for the Ne?°(p, y) Na”! reaction 
has been measured at Livermore (33); the results imply S=60 kev barn for 
energies of astrophysical interest. At the higher hydrogen consumption 
temperatures of shell source giant stars, the Ne?® will thus be largely con- 
verted to Ne”. There is considerable interest in the fate of the Ne*! so formed 
which can be destroyed by the Ne*(p, y)Na™ reaction. Marion & Fowler 
(34) estimate that little Ne”! destruction will occur, whereas Cameron (16) 
believes that most of the Ne* will be destroyed. In view of the possible im- 
portance of Ne”! for neutron production, an experimental clarification of the 
situation is most desirable. It is likely that significant modifications of the 
Ne” and Na® abundances will also occur via the reactions Ne”(p, y)Na® 


and Na*(p, a)Ne?®, 


HELIUM THERMONUCLEAR REACTIONS 


He?‘ is stable in stellar interiors until very high temperatures are reached 
because Li’ is unstable to proton emission and Be® is unstable to a-particle 
emission. However, the Be® decay energy is 94 kev, which is only about 10 
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kT for temperatures 7 ~105 °K. Hence the rate of formation of Be* in the 
hot, dense helium core of a red giant star can become appreciable. A statisti- 
cal mechanical calculation shows that one part in 10° of the helium will be 
in equilibrium in the form of Be® at 108 °K and 10° gm./cm.*. This amount 
is very small, but the Be*(a, y)C" is a resonant thermonuclear reaction, and 
the formation of C'* can start by this process when the temperature and den- 
sity reach the indicated values. The resonance level concerned is the second 
excited state of C!? at 7.65 Mev. 

It has been shown (35) that this state decays into three a-particles, and 
that the reverse process is therefore possible. On the likely but not com- 
pletely proved assumption that this state is O+-, Ferrell [quoted in (35)] has 
calculated a width of 1.4107 ev for the electric quadrupole transition to 
the first excited state at 4.43 Mev, with a possible error of a factor two, al- 
though he now believes that the possible error may be larger than this 
(private communication). Radiation to the ground state would not be ex- 
pected since 0-to-0 transitions are forbidden, but it is disturbing that the 
actual radiative mode of decay of the 7.65 Mev level has not yet been estab- 
lished experimentally. The ratio of the a-particle width to that for a 3.22 
Mev radiation is at least 1000 (W. A. Fowler, private communication). 

Because the a-particle width is so much larger than the radiation width 
of the 7.65 Mev state, the rate of formation of C™ can be calculated from sta- 
tistical mechanical considerations. To a good approximation, a small abun- 
dance of the 7.65 Mev state exists in equilibrium with helium; C! is formed 
by radiative leakage from this state (35, 36). A determination of the radiation 
width of this state, either for 3.22 Mev radiation or perhaps for a transition 
to some other possible level in the range 4.43 to 7.65 Mev, is very desirable. 

Once C” has been formed, further helium capture reactions are possible. 
The C!*(a, y)O"* reaction is nonresonant. Most of the reaction cross section 
probably is contributed by the Breit-Wigner tail of the 7.12 Mev level in 
O'* (27, 36). However, the next reaction, O'*(a, y)Ne®®, may be resonant, 
since the 4.97 Mev level in Ne”® lies very near the optimum thermonuclear 
bombarding energy. Only states which have spin and parity either both 
even or both odd can be formed by combining a-particles with O'*. It has 
been found experimentally (37) that the 4.97 Mev level is 1+, 2+, or 3+, 
with 1+ considered unlikely. Thus if the 4.97 Mev state can be formed by 
the O'*(a, y)Ne*® reaction, it would have to be 2+ or perhaps 1—. 

Cameron (16) among others (13, 38, 39) has solved the differential equa- 
tions for the formation and destruction of C!2, O'*%, and Ne? in helium 
thermonuclear reactions. He finds that at very high rates of energy genera- 
tion most of the reactions form only C’*, with little processing of C' to 
heavier nuclei. However, if the O'*(a, y)Ne®* reaction is resonant and the 
4.97 Mev level has not too small a reduced a-particle width, then at low 
rates of energy generation there is an efficient processing of material into 
the form of Ne®*. Practically no processing of material beyond Ne” is to be 
expected. 
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Among highly evolved stars are “helium stars’’ and Wolf-Rayet stars 
which appear to show effects caused by helium thermonuclear reactions (57). 
Many of these stars show no lines of hydrogen; these often have very strong 
lines of carbon. Those with weak lines of hydrogen usually show very weak 
carbon lines and very strong nitrogen lines, suggesting the formation of 
carbon followed by processing in the CN cycle. There does not appear to 
be any case in which oxygen is much enhanced, although several cases exist 
with unusually strong neon lines. These latter stars suggest that the 
O'*(a, y) Ne” reaction is indeed resonant. It is also probable that the giant 
carbon stars have large carbon abundances because of carbon formation by 
helium burning. 


NEUTRON CAPTURE ON A SLOW TIME SCALE 


In addition to the principal helium thermonuclear reactions described in 
the preceding section, additional reactions with less abundant isotopes are 
of interest because of the neutron production which results from them. The 
reactions which may be of greatest importance in this connection are 
C3(q@, n)O"* and Ne?!(a, n) Mg™. These reactions can provide prolific sources 
of neutrons only if certain assumptions are correct. 

We have seen that the equilibrium abundance of C** in the carbon cycle 
is very small. Therefore, very few neutrons result from reactions with the 
C8 remaining after hydrogen exhaustion in a star. However, it has been 
postulated that when the main helium reactions start in a red giant star, 
enough C’* can be formed in the core expansion process to allow the formation 
of much C'® when the hydrogen and helium regions of the star mix. The 
optimum condition for producing neutrons and having them available for 
capture in heavy elements is the mixing ratio of about 1 proton per 10 C® 
nuclei. This allows substantial amounts of C' to be converted to C', but 
only a small amount of the C** is further processed to N'4 (16). Because of 
the rather large cross section for the N“(n, p)C™ reaction, N™ is a poison 
which competes strongly with heavy elements for the neutrons. 

The abundance of Ne* originally present in a star is also very small and 
would give few neutrons. The Ne?'(a, 2)Mg* reaction can be an important 
neutron source only if appreciable quantities of Ne?! are formed in hot shell 
sources by the Ne?(p,y)Na# reaction and are not destroyed by the 
Ne?!(p, y) Na® reaction. This is a question which must be settled by nuclear- 
physics experiments, in contrast to the C%(a, )O'* problem which must be 
settled by astrophysical calculations. If the Ne®(a, 2)Mg* reaction is im- 
portant, it will take place in the later stages of helium consumption in a 
stellar core when the temperature is 1.6108 °K. or more. At this time N™ 
may have been destroyed by the N'(a, y)F'® reaction and N™ may, there- 
fore, not act as a poison for heavy-element synthesis. It is desirable to obtain 
more information about the F!* compound nucleus in order to see whether 
this will happen. 

When the neutrons are produced they interact mostly with the over- 
whelmingly abundant He‘, which cannot capture them but moderates them 
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until they are in thermal equilibrium with their surroundings. The expected 
temperatures of formation range from 1.0 to 1.6108 °K., and the neutrons 
in thermal equilibrium have Maxwell distributions peaked near 10 to 15 kev. 
These neutrons are then captured by the nuclides present in proportion to 
the abundances and capture cross sections of those nuclides. 

The changes in the abundances of nuclei produced by neutron capture 
have been calculated by Cameron (16). He assumed the initial composition 
of the heavy nuclei to be that given by Suess & Urey (10), which is illustrated 
in Figure 3. These abundances have been deduced from astrophysical, geo- 
chemical, and meteoritic analyses and have been smoothed using empirical 
rules of nuclear regularities. The actual values of Suess and Urey have been 
modified in Figure 3 to achieve a compromise with solar abundance deter- 
minations made at the University of Michigan (L. H. Aller, private com- 
munication). It may be noted that the gross features of the abundance 
distribution consist of a general decrease with increasing mass number up 
to about A =100, followed by roughly constant abundances, with a super- 
posed giant peak centered about Fe*®. There are many finer details. All these 
features must be explained as resulting from various nuclear reactions in 
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Fic. 3. The cosmic abundances of the mass numbers according to Suess and Urey, 
slightly modified by Cameron to achieve a compromise with University of Michigan 
determinations of solar abundances. 
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stars before one can justify the general theory of nucleogenesis indicated in 
the introductory section. 

Neutron capture cross sections averaged over resonances depend on 
neutron strength functions, level spacings, and radiation widths. Cameron 
(16) computed average cross sections at 11 kev using the best experimental 
and theoretical knowledge of these quantities available in 1956. Better cross 
sections could now be calculated, but the general features of the earlier cal- 
culation are unlikely to be changed. The neutron capture cross sections are 
greatly reduced at the positions of closed neutron shells. Hence, in the neu- 
tron capture process, nuclei with closed neutron shells will be much more 
abundant than neighbouring nuclei. 

When neutrons are first introduced into the natural abundance mixture 
of the elements, most of them are captured by the nuclei of the iron abun- 
dance peak. The average time between neutron captures in a given nucleus 
probably lies in the range 1 to 10° years, so that most radioactive nuclei 
formed have a chance to decay before another neutron is captured. As the 
capture proceeds, the original iron-peak nuclei become spread out over the 
entire range of higher mass numbers, increasing the abundances of heavy 
elements by large “‘overabundance”’ factors. Neutron capture beyond bis- 
muth leads to a region of short-lived a-particle emitters which decay to lead 
isotopes, so nuclei accumulate at the upper end of the capture chains as lead 
and bismuth isotopes. The solution of the abundance equations following the 
injection of 20 neutrons per initial silicon atom is shown in Figure 4. It may 
be seen that abundances in the heavy-element region have been increased 
by factors of several thousand. Only certain isotopes are synthesized in this 
way, since there is almost always only one stable nuclide formed per mass 
number by neutron capture on a slow time scale. The abundances of the 
heavy nuclei formed in this way depend on the iron peak abundances initially 
present in the star and not on the original abundances of heavier nuclei 
themselves. Thus this process uses the products of high-temperature proc- 
esses (see next section) in other stars which have previously exploded. 

The most striking evidence for the existence of neutron capture on a slow 
time scale is provided by the presence of technetium lines in the spectra of 
giant stars of classes S and N (the latter are carbon stars). The longest-lived 
isotope of this element is Tc®’, with a half life of 210° years. This isotope 
is one of the “‘stable’’ members of the capture path for neutron capture on 
a slow time scale. S stars generally have increased abundances of heavier 
elements, although very few quantitative analyses have yet been made. 
Carbon stars appear to show evidence for increased abundances of heavy 
elements, but the excess abundances are smaller, indicative of a greater dilu- 
tion of the neutron capture products at the surface. Barium stars also show 
increased abundances of heavy elements, but no lines of technetium, which 
may have decayed in these objects. Burbridge & Burbridge (40) have 
analyzed the abundances in one barium star and find them to be consistent 
with synthesis by neutron capture on a slow time scale. 
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Fic. 4. Changes in the cosmic abundances of the mass numbers produced by the 


capture of 20 neutrons injected per original silicon atom. The dots show the initial 
abundance distribution. 


REACTIONS AT VERY HIGH TEMPERATURES 


After the exhaustion of helium in a stellar core, the material is inert in 
a thermonuclear sense until the temperature rises to the vicinity of 10° °K. 
At this and higher temperatures many different nuclear reactions can take 
place and it becomes increasingly difficult to follow the course of the chemical 
evolution of the star. The discussions of these reactions that have appeared 
(13, 16, 17) have been only qualitative. Quantitative calculations are very 
desirable. 

Following helium exhaustion, with allowance for possible mixing of the 
products with hydrogen, the principal constituents of the gas may be C?, 
N™4, O18, and Ne?®. In the vicinity of 10° °K., reactions between these prod- 
ucts can take place. Usually the emission of neutrons, protons, and a- 
particles in these reactions is exothermic, and these particles will quickly be 
captured by other nuclei present. In this way many different nuclei in the 
mass range 20 to 30 can be formed. The reactions mentioned may be called 
heavy-ion thermonuclear reactions. 
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At the same time certain photonuclear reactions take place. The 
Ne?°%(y, a)O' reaction is one of the first to set in. At somewhat higher 
temperatures, (y, 2), (y, p), and (y, a) reactions can take place in various 
nuclei. These particles are expected to initiate a series of synthesizing reac- 
tions which will form elements out to the region of calcium and titanium. 
Photoneutron reactions interspersed with positron emission and electron 
capture will destroy the heavy elements which were formed by neutron cap- 
ture on a slow time scale. This process may be called photodisintegration on 
a slow time scale. 

If the central temperature of a star becomes 3X 10° °K. or more, then all 
nuclei are subject to very fast photodisintegration. The particles thus 
ejected are very quickly captured by other nuclei. It is hopeless at the 
present time to try to follow these reactions in detail, but from statistical 
mechanics the equilibrium abundances of the various nuclear species can be 
calculated. The only uncertainties in this calculation are those associated 
with the energies and angular momenta of the low-lying levels of the nuclei 
with which we are concerned. It turns out that in the temperature range 3 
to 510° °K. the nuclei with the greatest binding energies per nucleon are 
those with the largest equilibrium abundances. This gives a sharp abundance 
peak centered about Fe®. Burbridge et al. (17) have performed these calcu- 
lations for a variety of temperatures, densities, and ratios of neutrons to 
protons, and they have also estimated the changes which will occur in these 
distributions when the gas containing them is suddenly cooled. Their results 
are shown in Figure 5, where they are compared with solar abundances 
measured at the University of Michigan. It may be seen that the equilibrium- 
frozen abundances agree very well with those in the sun over most of the 
iron peak, differing only at the base of the peak at a level where nuclei can 
be produced by other mechanisms. 

In the equilibrium process some nuclei with fairly high abundances are 
unstable to positive and negative beta decay. The neutrinos and antineu- 
trinos emitted in such decays escape from the star with negligible interac- 
tions. The loss of energy in this form helps to promote the slow collapse of 
the stellar core, raising the central temperature and density. This may be 
called the Urca process, following Gamow & Schoenberg (41), although the 
details of the process are considerably different from the ones they envisaged. 

When the temperature exceeds about 5X 10° °K. the nature of the equi- 
librium abundance distribution changes radically. There is still a local peak 
centered about Fe*®, but the most abundant nucleus becomes He‘. The 
change from favouring Fe® to favouring He‘ by a large factor occurs over a 
narrow range of temperatures and density. The combinations of temperature 
and density corresponding to the transition region are plotted in Figure 6. 

If the representative point of the center of a star crosses the transition 
line in Figure 6, then the iron peak nuclei there must be converted to He‘. 
This is a very endothermic process. The energy for the conversion can only 
be obtained at the expense of the gravitational potential energy of the core. 
Therefore, the core must undergo a major collapse with a time scale of only 
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Fic. 5. The equilibrium-frozen abundances of the iron peak nuclei computed by 
Burbidge, Burbidge, Fowler, and Hoyle and compared with the solar abundance de- 
terminations made at the University of Michigan. 
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Fic. 6. A temperature-density diagram showing the regions in which the 
iron peak and helium abundances are predominant. 
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a few seconds. The outer layers of the star, collapsing in their turn, are sud- 
denly heated to temperatures of 10° °K. or more by the release of gravita- 
tional potential energy. These outer layers are likely to contain hydrogen 
and helium, and the rapidity of the nuclear reactions at such high tempera- 
tures will cause a thermonuclear explosion in which much of the outer mass 
of the star is blown off into space with a high velocity. This gives a convincing 
picture of a supernova explosion. 


NEUTRON CAPTURE ON A Fast TIME SCALE 


The light curves of supernovas fall into two classes, called Types I and 
Il. The best measured light curve for a supernova of Type I, that for the 
supernova in JC 4182 measured by Baade (42, 43), is shown in Figure 7. 
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Fic. 7. Light curve of the Type I supernova in JC 4182, measured by Baade. 


The characteristic feature here is the long straight exponential tail, although 
it must be emphasized that the straightness of the exponential decay in the 
last half of the curve is very uncertain because of possible errors in the nor- 
malization and calibration of the photographic magnitude scale for faint 
magnitudes. Type II supernovas do not exhibit this exponential tail in their 
light curves. 

It has been suggested that the exponential tails of Type I supernovas 
are produced by some radioactivity decaying with their half life of 55+1 
days (14, 44). The most promising activity for this purpose appears to be 
Cf, This isotope decays predominantly by spontaneous fission. Other nu- 
clei decaying predominantly by spontaneous fission have half lives much 
shorter than 55 days. Hence Cf** releases very much more energy than any 
other nuclides with comparable half lives which may be formed, and thus 
the single decay period of this one nuclide can dominate the light curve. 
Nevertheless, other activities present may produce a light curve with a 
slightly different apparent half life from that of its principal contributor. 
There are at present two conflicting but accurate measurements of the Cf** 
half life: 56.2+0.7 days (45) and 61+1 days (S. G. Thompson, private 
communication). 

Cf? can be synthesized in a supernova explosion only as the result of a 
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neutron capture process which proceeds on a fast time scale. Let us defer 
for the moment the question of a suitable source of neutrons and consider 
what happens when heavier elements are exposed to a very high neutron 
flux at a temperature of about 5X108 °K. 

The capture path for the fast time scale is illustrated in Figure 8. Starting 
with Fe as an example, neutrons are captured in rapid succession until the 
neutron binding energy falls so low that photoneutron emission takes place 
at the same rate as neutron capture. At the stated temperature this will occur 
in the vicinity of a neutron binding energy of 2 Mev. When a nucleus has 
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Fic. 8. Illustrative capture path for neutron capture on a fast time scale. In the 
diagram the number of protons in the nucleus is plotted against the number of neu- 
trons, the positions of beta-stable nuclei are plotted as black squares, and the neutron 
capture path is shown as the jagged line starting with Fe. Diagonal lines denote 
mass numbers. 


reached this point on the diagram it must wait until a beta decay takes place 
(with a half life usually < <1 sec.). Further neutron capture then follows 
until the next beta-decay waiting point is reached. Figure 8 was constructed 
from a shell-corrected table of neutron binding energies (46) with the illus- 
trative assumption that all waiting points occur just before the first isotope 
with a neutron binding energy of less than 2 Mev. It may be noted that at 
the closed neutron shells the capture path approaches the valley of beta 
stability more closely than usual. In equilibrium the abundances of the 
nuclides on the capture path are proportional to the beta-decay half lives 
at the waiting points. Since these half lives are considerably longer near the 
valley of beta stability, the nuclides with closed neutron shells may be ex- 
pected to be formed with greater abundances in neutron capture on a fast 
time scale. 

When a nucleus reaches a very large mass number, further neutron cap- 
ture will lead to fission. The point at which this occurs is very uncertain. 
With differing views about the systematics of the fission process, Burbridge 
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et al. (17) believe fission occurs at about A =260, whereas Cameron (16) 
believes that it does not occur until about A =287, when the nucleus has 
reached the next hypothetical closed shell of 184 neutrons. Following fission 
the two fragments will capture further neutrons. 

Burbridge et al. (14, 17) have postulated that neutrons are produced in 
a layer of the supernova in which the abundances of hydrogen and of ele- 
ments in the vicinity of neon are comparable. In the explosion the hydrogen 
is rapidly exhausted, forming proton-rich nuclides of mass numbers beyond 
20. Some of these, such as Na® and Al®, quickly decay by positron emission, 
forming nuclei, such as Ne and Mg®, from which neutrons can be produced 
by exothermic (a, m) reactions. 

Cameron (27) has computed neutron capture cross sections (at 55 kev) 
for nuclei on the neutron capture path of Figure 8. He finds that typical 
cross sections lie in the vicinity of one millibarn. On the other hand, the 
lighter nuclides formed by the proton capture reactions, which can decay by 
positron emission, all undergo exothermic (n, p) reactions with cross sections 
probably of the order of one barn. These nuclei would, therefore, quickly 
absorb nearly all the neutrons, and the protons released would regenerate 
positron emitters. Hence this is an unsatisfactory reaction mechanism for 
heavy-element synthesis. 

Cameron (27) has attempted to make a virtue of this difficulty by postu- 
lating the reaction cycles shown in Figure 9. Here it is assumed that the 
amount of hydrogen before the explosion is much smaller than that of C'. 
It is rapidly consumed by the C!*(p, y)N* reaction. N' has a half life of 10 
min., but one per cent of it will decay to C'* in 10 sec. Neutrons are produced 
by the C'%(a, )O" reaction; the N*(n, p)C' reaction replaces the C, and 
the C!(p, y)N?* reaction replaces the N'. In order to produce much Cf, 
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Fic. 9. A suggested cycle of reactions which may be responsible for neutron 
production and capture on a fast time scale. 
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about 100 or more neutrons should be captured on the average per initial 
Fe® nucleus. The N'°(m, »)C'* reaction has a cross section of 1.1 barn at 55 
kev (47). It follows that there should be about 105 C!? nuclei per Fe nucleus 
in the exploding layer. However, according to the tables of Suess & Urey 
(10), only about 104 C? nuclei will be available if all the hydrogen and most 
of the helium are converted to C!*. Hence this postulate fails by one order of 
magnitude. 

Because of this, Cameron (27) has postulated that the hydrogen is ex- 
hausted by the C!? (p, y)N(8tv)C!8 reactions before the explosion begins. 
It is inevitable that some of the C’* produced will be further processed to 
N*, but with the small amount of hydrogen postulated the C/N" ratio may 
easily be 10 or more. The N'(n, p)C" cross section is only 1.4 millibarn 
(Macklin and Gibbons, private communication), so that this reaction does 
not take place until the heavy nuclei have reached the first waiting points. 
The protons released then induce the remaining cycles of Figure 9, but a 
C!2/Fe® ratio of 10‘ is now sufficient to allow the synthesis of large amounts 
of Cf*4, Even so, there is not much freedom in the initial composition 
required to obtain this result. In Population II stars with a much smaller 
iron abundance, there is much more freedom in the initial composition 
needed for Cf*** synthesis, and this may be why Type I supernovas seem to 
occur mainly among Population II stars. The mechanism shown in Figure 9 
may be the principal source of O'* formation in nature. 

There is another possible neutron source which has not yet been investi- 
gated in detail [(17) and Hoyle, private communication]. When Fe® is con- 
verted to helium in a supernova explosion, 13 He‘ nuclei and 4 neutrons are 
produced. If the dynamics of the explosion process cause some of this ma- 
terial to be ejected into cooler regions, some of the He* may recombine to 
form light elements, and neutron capture on a fast time scale may start with 
them. 


OTHER REACTIONS ON A FAstT TIME SCALE 


In the previous considerations it was necessary to assume small mixtures 
of hydrogen with other elements. Presumably some explosions occur (par- 
ticularly Type II supernovas lacking exponential light curve tails) in which 
there is much hydrogen in the exploding layers. In these cases hydrogen 
will not be exhausted in reactions with light elements. Just as in the case of 
neutron capture, proton capture on a fast time scale will add protons to 
nuclei until waiting points are reached at which (p, y) and (7, p) reaction 
rates are equal; following positron emission further proton addition can oc- 
cur. But proton addition rates are very much slower than neutron addition 
rates and become increasingly slower as the nuclear charge increases. Never- 
theless, some proton addition may occur to even very heavy nuclei which 
are present before the explosion starts. 

If such exploding layers are raised to temperatures in the vicinity of 
2.5 10° °K., rapid photoneutron emission from heavy elements will occur 
until the neutron binding energy becomes about 4 Mev larger than the 
proton binding energy. Then proton emission will be followed by further 
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neutron emission (16). These are photodisintegration reactions on a fast 
time scale. 

Both of these sets of reactions can form some beta-stable heavy nuclei 
which do not lie on any neutron capture paths. 


ANALYSIS OF NUCLIDE ABUNDANCES 


We have seen that the nuclei with 12<A <70 can be synthesized in a 
variety of reactions, and it is difficult in many cases to decide which mecha- 
nism has been more important in any given case. For heavier nuclei fewer 
mechanisms have been operative and analysis is easier. 

In Figure 10 are shown the Suess-Urey abundances of nuclei with odd 
mass numbers. The distinctive features of this curve have been interpreted 
as follows (12, 15, 16, 17, 48): The sharp peaks at mass numbers 90, 140, and 
208 correspond to nuclei with closed shells of 50, 82, and 126 neutrons. They 
are attributed to formation by neutron capture on a slow time scale. The 
broad peaks at mass numbers 80, 130, and 195 have a reduced odd-even 
mass number variation, as may be seen in Figure 3. They are attributed to 
formation by neutron capture on a fast time scale on the parts of the capture 
path which approach the valley of beta stability at closed neutron shells 
(see Fig. 8). The reduced odd-even effect is expected because there should 
be essentially no odd-even effect in the beta-decay half lives at these waiting 
points. 

The secondary peak at A =164 is more controversial. It may be seen 
from Figure 3 that the odd-even effect is reduced here also, and hence the 
peak must be attributed to neutron capture on a fast time scale. Burbridge 
et al. (17) attribute it to a ‘‘stabilization”’ effect which results in approximate 
constancy of neutron binding energies for deformed nuclei. They expect that 
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the capture path will approach the valley of beta stability to some extent, 
thus leading to larger equilibrium abundances. However, this suggested ef- 
fect does not occur in Figure 8, although the “stabilization” effect is present 
in the masses from which the figure was constructed. Cameron (16) explains 
the peak as a fission fragment peak formed when the hypothetical abundance 
peak at A = 287 fissions following the termination of neutron production. The 
other fission peak would lie at A =123 where it is hidden in the shoulder of 
the broad peak there. The resolution of this question is important for 
geophysical considerations. Burbridge et al. (17) expect another “‘stabiliza- 
tion’”’ peak around A =250 which would increase the natural abundance of 
uranium and thorium. Cameron does not expect an effect of this kind. 

The abundances of different kinds of isobars give additional information. 
We may define a shielded isobar as one which lies on the neutron capture 
path for the slow time scale and to which synthesis on a fast time scale can- 
not contribute. The latter contributions go instead to an unshielded isobar 
of the same mass number which lies on the neutron-rich side of the slow- 
time-scale capture path. Some isobars cannot be formed by neutron capture 
at all; these will be called excluded isobars. They may be formed by proton 
capture and by photodisintegration on a fast time scale; a few of them are 
also formed by photodisintegration on a slow time scale. 

The Suess-Urey abundances of these three classes of isobars are plotted 
in Figure 11. The unshielded isobars, shown by circles, exhibit all the char- 
acteristics which were noted in the odd-A abundances and attributed to 
neutron capture on a fast time scale. The shielded isobars, attributed to the 
slow time scale and shown by triangles, exhibit different trends. Lack of 
isobars near closed neutron shells has eliminated most of the evidence for 
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the abundance spikes there, but it may be noted that the general level of 
abundances below A = 140 is about a factor of five higher than the level 
above A=140. This satisfactorily reproduces a trend, shown in Figure 4, 
which is very insensitive to the number of neutrons captured on the slow 
time scale. The excluded isobars, shown by crosses, are expected to be 
formed from the products of neutron capture on a slow time scale, and it is 
satisfactory to find that the triangles and crosses have the same general 
trends. Above A = 150 there are four high abundances among the excluded 
isobars and six low abundances. The four high cases represent nuclei which 
can be formed by photodisintegration on both fast and slow time scales. 
The six low cases can be formed on the fast time scale only. Below A = 150 
no such effects are visible, and it is probable that proton capture on a fast 
time scale has been the dominant mode of production there. 


NUCLEAR REACTIONS ON STELLAR SURFACES 


The previous discussion seems to give a satisfactory account of the for- 
mation in stellar interiors of He‘, Li’, and nuclides with A>12. D?, Li®, Be®, 
B!°, and B" are not synthesized in significant amounts in stellar interiors, 
and their natural abundances are very low. However, it appears possible 
that they may be made in stellar surface reactions. 

Many stars of spectral types A and F seem to be just evolving away from 
the main sequence, so that only hydrogen thermonuclear reactions have 
been operative. They have intense surface magnetic fields, often amounting 
to several thousand gauss averaged over a hemisphere. These fields are often 
variable with a period of a few days; quite often the sign of the surface field 
changes during the period. The spectra of these stars usually show unusually 
strong and variable lines of certain elements, many of which appear to be 
greatly increased in abundance in certain patches on the stellar surface. The 
elements Si, Cr, and Mn often appear to be overabundant by moderate fac- 
tors of 2 to 10; Sr, Y, and Zr can be overabundant by factors of 20 to 30; 
and the rare earths can be overabundant by factors of several hundred or 
thousand, 

These increases are not consistent with any interior nuclear activity, but 
they have been interpreted as resulting from stellar surface reactions 
(16, 17, 49). Two sets of conditions appear to be necessary to explain all the 
observations. The first of these is the acceleration of a portion of the charged 
particles of the surface gas, probably by the Fermi mechanism in twisted 
magnetic fields (58) near star spots, to energy distributions given by a power 
law, probably ~E~, where E is the particle energy. Heavier particles can 
also be accelerated to the same energy per proton if they are stripped of 
electrons early in the acceleration process. The important nuclear reactions 
produced by these reactions are spallation reactions and probably some parti- 
cle addition reactions such as (a, 2), (a, 2), (a, 3m), as well as heavy-ion 
collisions such as O'*(O"*, @)Si#*. The neutrons produced are captured by 
hydrogen to form deuterium. 

The second mechanism appears to be the formation of limited regions of 
hot plasma with kinetic temperatures ~1 Mev. In such regions the ions have 
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a Maxwellian distribution of energies, and only the collisions of singly 
charged particles are effective in inducing nuclear reactions. But combina- 
tions of (p, y), (d, p), and (d, m) reactions can drive heavier nuclei up the 
valley of beta stability. It is proposed that the large rare-earth overabun- 
dances are synthesized in this way. 

These magnetic variable stars are very rare in space, and they cannot 
have synthesized the natural abundances of the light elements. However, it 
is not unlikely that most stars pass through a period of intense surface mag- 
netic activity when they are forming from the interstellar medium and 
getting rid of most of the entrapped magnetic field. There is some preliminary 
evidence for such activity in contracting stars (50). Most of the lightest 
elements may have been produced under such circumstances. 

Much fuller accounts of these various processes in nuclear astrophysics 
appear in the two main summaries of the field which have been prepared 
(16, 17). 


PYCNONUCLEAR REACTIONS AND STELLAR EXPLOSIONS? 


It was shown in this article that the conversion of significant quantities 
of Fe® into Cf was a marginal process under the supernova explosion con- 
ditions which were postulated. It appeared that very small quantities of 
hydrogen must be mixed throughout a major fraction of the star in a region 
consisting mostly of C!* and He‘. While this appeared to be a possible 
mechanism, it was not an appealing one, and was adopted only because no 


better mechanism appeared possible. 

Since the article was written the writer has been investigating the prob- 
lem of nuclear reactions at high densities. This investigation was prompted 
by the consideration that only very massive stars may be able to evolve and 
contract quickly enough to drive the central temperature over the threshold 
for the iron-to-helium conversion process. Stars of smaller mass may start 
cooling after reaching some stage of nuclear evolution at their centers, par- 
ticularly after having formed the statistical iron peak. The tendency for 
cooling will be offset by the tendency of the star to contract and release 
gravitational potential energy. The maximum amount of matter (not con- 
taining hydrogen) which can form a stable white dwarf configuration is 1.21 
solar masses (59), and the oldest stars now evolving off the main sequence 
have masses in excess of this. Therefore, unless the mass of the star can be 
greatly reduced by continuous emission of gas, the contraction of the star 
must continue until something catastrophic takes place or nuclear densities 
are attained. 

At very high densities, electron shielding neutralizes the nuclear charge 
at a relatively small distance from the nucleus, and the ions of low energy 
have very much smaller classical turning points than at low densities. In 
fact, it turns out that the classical turning points depend only slightly on 
the bombarding energies of the ions. The barrier penetrabilities are much 
greater for these ions than at low densities because of the decreased thickness 


2 Note added June, 1958. 
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of the barrier. When the density becomes high enough the barrier penetra- 
bility becomes nearly independent of the bombarding energy, and the entire 
Maxwellian distribution of ion energies participates with about equal 
probability in producing nuclear reactions. Reaction rates are then much 
more sensitive to density than to temperature, and it appears more logical 
to describe nuclear reactions taking place under these circumstances as 
‘“‘pycnonuclear”’ reactions (Gr. pyknos; compact, dense). 

When stellar contraction reaches a point where a region containing 
helium and carbon attains a density of about 410° gm./cm.’, the pycno- 
nuclear reaction rate becomes large enough so that the rate of energy genera- 
tion will exceed the rate at which energy can be transmitted by conduction 
(the degenerate gas has a very high thermal conductivity) to the surface and 
there radiated. The gas must then heat until a sufficient amount of it has 
become nondegenerate and has expanded so that what have become thermo- 
nuclear reactions are quenched. Since density conditions are more extreme 
than those encountered at the center of red giant stars, the process of heat- 
ing and expansion is likely to be more violent. Hence, this appears to be the 
mechanism of the ordinary nova explosion. Other reactions may trigger nova 
explosions: for example, the combination of two C ions in the reactions 
C2(C!2, p)Na® and C!2(C!2, a)Ne*® sets in at a density of 210° gm./cm.' 
After the first such explosion it is quite likely that both C? and Het‘ will be 
mixed to the center of the star. 

After expelling a small amount of mass in a nova explosion, the star 
will evidently radiate the remaining energy released in the explosion and 
will then contract again. If the central temperature is near 2107 °K., then 
more exact calculations show that the C!#(qa, y)O'* pycnonuclear reactions will 
trigger another explosion when the central density becomes about 2.5 X 10° 
gm./cm.* Evidently the star must undergo a series of explosions until suf- 
ficient mass has been lost to allow a stable configuration to be reached with 
a central density less than 2.5 10° gm./cm.’ or until helium has been ex- 
hausted at the center of the star (and presumably throughout most of the 
volume). Since the average white dwarf star has a central density of 210° 
gm./cm.* (24), it appears that the former alternative is the one usually 
occurring. 

If the material at the center of the star has been converted into iron peak 
nuclei, and if the central density can reach 2X 10" gm./cm.’ without a pycno- 
nuclear explosion occurring in the outer layers, then the central regions of 
the star must collapse. The reason for this is that the Fermi level of the 
electrons becomes so high (about 25 Mev) that the iron peak nuclei will 
capture enough electrons to become nuclei which are unstable to neutron 
emission. Schatzman (60) has shown that stars of this kind, which have a 
mean molecular weight per electron which increases toward the center, are 
dynamically unstable. A series of rapid electron captures and neutron emis- 
sions takes place until the nuclei have been reduced to the vicinity of Mg®. 
The nuclei then fuse to form new nuclei with mass numbers in the vicinity 
of 60. The outer layers of the star will also collapse, heat, and explode as in 
the previously suggested supernova mechanism. 
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If the linear dimensions at the center of the star decrease by a factor 
three, and the density by a corresponding factor of about 30, then the bulk 
of the material will have been converted to neutrons, with only enough nuclei 
left to maintain the Fermi level of the electrons at about 25 to 30 Mev. The 
average mass number of these nuclei will be about 40, and for every such 
nucleus there will be about 1000 neutrons present. After the outer layers 
of the star have exploded some of this inner core will also expand, and it 
will be exploded away from the star when the Fermi level of the electrons 
drops and the neutrons are captured on a fast time scale. In this way quite 
adequate amounts of Cf** can be produced to account for the light curves of 
Type I supernovas. 

According to this picture the more massive stars of Population I may 
undergo supernova explosions by the iron-to-helium conversion mechanism, 
but it is unlikely that much production of Cf*™ will take place in them. The 
less massive stars of Population II are likely to undergo nova explosions and 
settle down as white dwarf stars with an average mass of about 0.6 solar 
masses, or to undergo supernova explosions by the iron-to-neutron conversion 
process with the production of large quantities of Cf. This picture appears 
to be in accord with the observed facts concerning nova and supernova 
explosions (61). 
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PRACTICAL CONTROL OF RADIATION HAZARDS 
IN PHYSICS RESEARCH! 


By Burton J. MOYER 
Department of Physics, University of California, Berkeley, California 


INTRODUCTION 


The recent growth of nuclear technology and the increasing industrial 
applications of radioactivity and ionizing radiations have been accompanied 
by assiduous attention to the control of radiation hazards. Probably no pre- 
vious basic technologic development has received such thorough considera- 
tion in regard to its essential hazards. 

In research activities, however, as distinguished from an industrial situa- 
tion, routines of procedure are not prevalent, and unprecedented operations 
are characteristic of the work. Moreover, the regular attention of an indus- 
trial safety officer is not typically at hand, and it is frequently incumbent 
upon the experimenter to evaluate the hazards to himself and to others of 
his present or contemplated activities. Even in the larger research labora- 
tories where radiation safety departments or committees function, it is 
essential that the experimenter be always alert to the radiation exposure 
possibilities inherent in his work, particularly with regard to the unantici- 
pated acts and arrangements carried out in the heat of trouble-shooting or 
in the drive to get a job done. 

It is proposed in the following brief discussion to represent contemporary 
thinking concerning radiation hazards and their evaluation, which should be 
of practical assistance to the laboratory worker and to those responsible for 
the design and operation of physical apparatus and experiments which in- 
volve nuclear radiation or x-rays. 

Control of radiation hazards involves (a) their anticipation and prior 
estimation; (b) their measurement or field evaluation; and (c) the devising 
of shielding and procedures which insure adequate safeguards, yet allow ex- 
perimental freedom. In the present limited discussion, the author principally 
treats items a and b. He will not emphasize the problems or techniques of 
precise dosimetry from the standpoint of the radiologist, but will rather 
indicate the means of applying instrumentation and techniques, familiar to 
the practicing physicist, to the evaluation of radiation component intensities 
in his laboratory and its environs. The concerns of item c are treated in con- 
temporary journals devoted to nuclear technology and in such surveys as 
that by Blizard (1). 


CONTEMPORARY DEFINITIONS OF PERMISSIBLE RADIATION LEVELS 


The continuing consideration of the biologic effects of radiation has led to 
a redefinition, as of January, 1957, of recommended permissible levels. Such 


' The survey of literature pertaining to this review was completed in April, 1958. 
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recommendations are issued by the National Committee on Radiation Pro- 
tection and may be found in contemporary form for external radiation in 
(2) and (3) of the bibliography. The possibility of incorporating radioactive 
materials into the body by inhalation or ingestion requires limitations also 
upon concentrations permissible in air and on laboratory surfaces. The 
N.C.R.P. recommendations in this regard are given in (4) and (5), but they 
are subject to revision to make them consistent with the recent redefinitions 
of permissible exposure as given in (2). 

A brief summary of the recommendations pertaining to ‘‘whole-body 
exposure”’ is as follows: 








RECOMMENDED PERMISSIBLE OCCUPATIONAL EXPOSURE 


Average rate for long-continuing exposure.................002--:- 5 rem/yr.* 
Maximum exposure per } yr. (if above rate is exceeded)............ 3rem 
Maximum exposure per week (if above rate is exceeded)............ 0.3 rem 


TOTAL PERMISSIBLE ACCUMULATED DosE (OCCUPATIONAL) 
D(acc.) =5(N—18); where N is age in years. 


(it is intended that persons under 18 years of age shall not be occupationally 
exposed to radiation beyond the nonoccupational limit stated below.) 


RECOMMENDED LIMIT FOR NONOCCUPATIONAL EXPOSURE 


Yearly dose is to be less than 0.5 rem. 





* For definition of the rem, see section below on Practical Measurement of Radi- 
ation Levels. 


For further detail on permissible external exposure the reader shculd con- 
sult (2, 3). Relaxation by a factor of two has been allowed when only the 
skin absorbs dosage, and relaxation by a factor of five has been permitted 
only if hands and feet are exposed. Other details relating to the nature of 
the radiation and age of the person exposed are also stated. 

The lowering of average yearly permissible exposure to 5 rem for persons 
occupationally involved with radiation, and to 0.5 rem for those in the envi- 
ronment but not occupationally involved, was caused by concern over pos- 
sible elevation of genetic effects and possible shortening of average life-span as 
the exposed fraction of the total population increases. Damage to blood- 
forming organs remains as the prime consideration with respect to the 
specific individuals receiving occupational exposure. 

In relation to the value of 0.5 rem/yr. which is recommended for the 
noninvolved persons in the environment, it is significant to note that the 
natural background of exposure for cosmic rays and natural radioactivity is 
typically 0.10 to 0.15 rem/yr. The shielding required for an accelerator, suf- 
ficient to insure a cumulative radiation increment of about four times natural 
background for all regions outside the controlled area, becomes a significant 
cost item and one whose planning must be considered from the beginning. 
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For purposes of calculation of expected external radiation intensities, and 
also for the interpretation of some types of survey counter data, it is neces- 
sary to express the permissible field intensity in terms of flux density of 
photons or of neutrons. In Table I are given various flux densities which 
“‘singly”’ will deliver 5 rem in 50 working weeks of 40 hr. each. Values three 
times these are permissible if not continuously sustained and if the year’s 
accumulation does not exceed 5 rem. Values for the nonoccupational en- 
vironment would be one-tenth these values if the radiation field is present 


TABLE |! 


NEUTRON AND PHOTON FLUX DENSITIES AT VARIOUS ENERGIES WHICH WILL 
StnGLy DELIVER 5 REM IN Firty 40-Hour WEEKS OF EXPOSURE 


[For neutron data see (6) and for photons (7)] 








Neutron Flux 


Density (cm.7 Photon Energy Photon Flux Density 


Neutron Energy 





(Mev) ne.% (Mev) (cm.~? sec.~) 
Thermal 670 0.02 2.5 X108 
0.0001 520 0.04 14.7 X108 
0.005 570 0.06 21.0 10 
0.02 97 0.10 16.0 X105 
0.1 83 0.20 6.7 X10* 
0.5 30 0.40 3.0 108 
1.0 18 0.60 2.0 X10 
3.5 20 1.0 1.3 X10° 
5.0 18 2.0 0.8 x<10° 
71.5 17 4.0 0.5 108 
10 17 6.0 0.35 10° 
30 10 10.0 0.23108 





only 40 hr./wk., and they will be proportionately smaller if the radiation 
duty factor is greater. 

The recommended permissible limits of airborne radioactivity, and of 
laboratory surface contamination, are intended in some cases to insure 
against harmful exposure of critical organs where possible inhalation or in- 
gestion could incorporate into the body active elements with specific 
metabolic destinations (such as bone in the case of Ra); and in other cases, 
where general body exposure results, to limit tissue dosage to levels as de- 
fined above. The contamination levels as listed in (4, 5) apply to continuous 
exposure; consequently, a relaxation in inverse proportion to the ‘‘duty 
factor’ of laboratory work is available. However, the new requirements (2) 
call for a factor-of-three reduction of the listed contamination levels for those 
elements which irradiate the whole body or gonads; and when persons not 
occupationally involved are concerned, an additional reduction by a factor 
of ten is recommended. 
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Research activities may occasionally require a radiation exposure of con- 
siderable momentary intensity, not to be often repeated. In such cases, the 
recommendations permit the acceptance of a week’s exposure limit, 0.3 rem, 
providing no further exposure is allowed during the week. The policy to be 
encouraged, however, is one of minimizing exposure by the anticipation; 
planning, and provision of all safeguards which are economically and opera- 
tionally feasible. 


EXAMPLES OF PHysics LABORATORY RADIATION HAZARDS 


The following selection of situations is suggestive of hazards or undesira- 
ble exposures which can readily occur incidental to the progress of experi- 
mental work. It is by no means a thorough presentation of radiation protec- 
tion problems, but is rather a description of typical practical circumstances 
encountered. 

Because the eyes are particularly subject to exposure in some of the fol- 
lowing cases, it is desirable to state the presently regarded threshold dosages 
to the human eyes for the inducing of vision-disturbing cataract. In the case 
of x- or y-ray exposure, an accumulated dosage of at least 500 roentgens is 
considered to be the practical threshold. In the case of neutrons the value is 
about 30 rep (8, 9). For fast neutrons this means an integrated flux of about 
10'° neutrons per cm.?, and for thermal neutrons, about 10"/cm.®. (An earlier 
figure for fast neutrons was smaller by about a factor of 10.) The cataract 
formation is typically delayed for several years after the accumulated 
exposure. 

Irregular operations with radioactive sources—Routine manipulations of 
pile irradiation samples or accelerator targets, and the chemical processing 
of intensely active materials, are engineered with handling equipment, lead 
enclosures, and lead glass or indirect viewing ports so that persons regularly 
engaged in these activities will not be exposed beyond permissible levels. 
Occasionally, however, it becomes necessary to perform a repair operation 
or adjustment upon a target or sample in the progress of a “‘run,”’ and the 
experimenter is strongly tempted to contrive a local wall of lead bricks and 
perform his operation by reaching around the wall with hand tools, while 
peering over the top to see his work. (A reactor physicist would hardly be 
so tempted in view of his typical probe activities, but this is a familiar situa- 
tion to accelerator experimenters.) 

Such operations should be attempted only when a reliable probe ioniza- 
tion chamber is at hand with which to determine the exposure level to be 
encountered. It is not unusual, for example, that a cyclotron target should 
possess an initial activity which delivers a few rem per hour at a distance 
of one meter and very much more at a short distance where the beta emission 
is effective. A person dealing with this on a makeshift basis as described 
could receive a very considerable dose to his hands and to the long bones of 
the legs (important in blood formation) even though his trunk were shielded 
by a lead wall; and while the eyes would not, in one such operation, be 
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likely to receive a cataractogenic exposure, the increment of radiation to 
them could be considerable in these terms. 

Target facilities should include an adequately shielded work bench for 
such necessary tasks, with reliable probe ionization chambers and a wall 
clock so that intensities and times can be easily observed. A measure of ac- 
cumulated exposure for the individuals concerned, to be entered into their 
radiation history should be required. 

Neutron exposure situations.—Shielding of reactors and accelerators is 
presumably designed so as to maintain neutron flux densities within the per- 
missible bounds stated above. In some of the earlier accelerator installations 
insufficient regard was given to the importance of roof shielding over the 
machine, and this type of shielding weakness is probably the most frequent 
defect which needs attention in reducing environmental levels to the new 
standards. 

Neutron exposures have accounted for some cases of cataract among nu- 
clear physicists which are usually traceable to some acute dosage or to a pro- 
longed exposure under more moderate, but yet above-tolerance situation. 

One type of experimental arrangement which can result in considerably 
elevated neutron exposure in a limited area is the use of an intense beam 
for cross section experiments outside the reactor or accelerator shielding en- 
closure. Direct access to the beam is of course prevented, but the number of 
neutrons scattered out of the beam by a substantial column of attenuating 
material can be shown by simple calculation with typical data to create 
local areas, often accessible to people and frequently occupied by the experi- 
menters, where the fast neutron flux densities may be as much as 10 or 20 
times that nominally permissible. With a possible cataract threshold of 10'° 
per cm.? of fast neutrons, the experimenter who expects to spend several 
years working in the typical background flux associated with an accelerator 
cannot afford to ignore the exposure increment imparted by such special 
experimental conditions. 

Such operations as aligning counters by hand in intense neutron beams, 
or directly viewing the primary target where the neutrons are created, are 
to be eschewed and must never be undertaken without adequate evaluation 
of the possible exposure to the eyes which may be encountered. 

Exposure to beams of charged particles——For proton- and alpha-particle 
beams of sufficient energy to penetrate a few millimeters or more into body 
tissue, the possible hazards can be extreme. Sound precautions with respect 
to electrical and mechanical interlocks to prevent inadvertent passage of 
persons into direct beams or strong scattered fluxes of such particles are ab- 
solutely essential. 

As an illustration one may consider a beam of protons of high enough 
energy to penetrate deeply into the body. Each proton will deliver about 
30 Mev to the tissue in the last centimeter of its range. If the beam is pre- 
sumed to be 10-* amp., and if its cross-section area, together with scattering 
and range straggling, allows the various beam particles to deliver their last 
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30 Mev increments within a tissue volume of 10 cm.’, the dosage rate to this 
volume of tissue would be about 3X10* rep/sec.! Clearly, a very brief ex- 
posure in which a vital organ was the region of beam termination could be 
extremely damaging. 

Again suppose that an experimenter exposes his eyes to protons scattered 
from a target in the beam with an energy in the region of 20 Mev. The ac- 
cumulation in his eye of a flux of only about 10’ such protons would impart 
to the sensitive region the 30 rep which could be cataractogenic. This number 
of scattered protons could quite conceivably enter the eye in a time of a 
few minutes, assuming reasonable beam intensities and target nature. 

An interesting special case of particle beam hazard is afforded by the 
beams of 2~ mesons which are available in several laboratories in the world. 
Such mesons, upon coming to rest in the tissue, would be captured by carbon 
and oxygen nuclei and induce nuclear disruptions, or ‘“‘stars,”’ in each of 
which the fragments will carry a total kinetic energy of about 100 Mev, 
approximately half of which will be dissipated in tissue within a centimeter 
of the capture site. It must be granted, however, that this type of hazard is 
more in the nature of an interesting exception than a prevalent concern. 

Laboratory and atmospheric contamination.—A radiologically clean lab- 
oratory is essential both from the standpoint of health and of good research. 
The freedom from background of interfering activities, which is required for 
many problems, is consistent with the concern for protection of people and 
may frequently require more rigorous suppression of contamination than is 
dictated by health considerations alone. 

From the standpoint of health hazard, an important aspect of contami- 
nation is airborne radioactivity, which is now regarded as the most important 
avenue by which active materials may find their way into the human body 
and is generally felt to be a greater potential laboratory hazard than surface 
contamination of benches and floors (10). This is particularly true for the 
heavy alpha-emitters. 

Careful planning and maintenance of airflow and ventilation systems are 
thus required whenever operations are involved which can create significant 
concentrations of dust, mist, or vapor of active isotopes; and a valid and 
reliable means of monitoring the air is essential. Concentrations which have 
been stated as permissible are given in (4) and are subject to slight revision 
and interpretation as previously mentioned in the section on permissible 
radiation levels. The permissible air concentrations for a few prominent 
materials are given as examples in Table II on the basis of continuous (168 
hr./week) exposure. 

The values given may be multiplied by a factor of four in case the ex- 
posure exists on a 40 hr./week schedule rather than continuously, but it is 
immediately apparent that some of these stated levels are almost immeasur- 
ably low, particularly in the ‘‘Environmental’’ column. 

Presumably, the research laboratory which only occasionally engages in 
operations which might contribute airborne activity need not expend the 
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TABLE II 


PERMISSIBLE Atk CONCENTRATIONS OF SELECTED ISOTOPES ON Basis OF Con- 
TINUOUS EXPOSURE [Revised (4)] 








Permissible concentrations in 








Isotope Critical Organ pc./mal. of air 
Occupational Environmental 
H? (as HOH? or H%,0) Total body 7 X<107% 7 x10 
C (as C“O, Bone (and fat) 5 X10 5 X10 
Na* Total Body 7 x10" 7 X1078 
pa Bone 1 X<1077 1 Xi0°° 
S% Skin 1 10-5 1 x107 
Fe® Blood 6 X1077 6 X107% 
Fe®? Blood 1.5X107° 1.5X107° 
Sr? -+4+Y% Bone 2 x10-% 2 x10 
[131 Thyroid 3 x10 3 x10-° 
Po?'? (insol.) Lungs 7 X10 7 x10" 
U8 (insol.) Lungs 1.6X107-# 1.610" 
Pu®® (insol.) Lungs 2 x<10-" 2 «107% 








resources necessary to provide for air monitoring at these levels which apply 
to daily routine operations; but it is clear that an adequate means of evaluat- 
ing the activity in the air must be provided, which is appropriate to the 
extent of such operations. This evaluation is discussed in the subsequent 
section on measurements. 

The contamination of surfaces with beta and gamma emitters is to be 
maintained low enough, as prescribed in (5), so that the radiation dosage 
rate immediately above the surface does not exceed 1 mrep/hr. For certain 
isotopes specified in (5), such as Sr® for example, the dosage rate permissible 
is one-tenth this value. The principal hazard is not so much the general 
bodily irradiation, but the possibility that such activity might be removable 
and thus become airborne or be ingested by way of contact with the hands. 
Particular care is required to prevent direct entrance of activity into the 
blood stream through cuts or open wounds. 

All evidences of surface contamination should be followed by efforts to 
remove the activity. That which is fixed may be regarded with reference to 
the permissible level stated in the previous paragraph for beta-gamma 
activity. Fixed alpha-activity may be covered by paint or a similar covering 
which absorbs the a-particles, with a suitable indication made of the exist- 
ence of embedded activity if its lifetime and nature warrant future concern. 

Decontamination and disposal techniques are specified in (5, 11) and in 
numerous recent articles in related technical literature, including detailed in- 
structions of procedures to be followed in emergencies created by spills and 
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accidents. Anticipation of possible mishaps and prior planning of facilities 
and procedures to be utilized in the event of accident is an essential ingredi- 
ent of work with radioactive materials. 


PRACTICAL MEASUREMENT OF RADIATION LEVELS 


A precise measurement of the biologically significant radiation dosage 
potentially available from a given radiation field is typically a very difficult 
accomplishment. Moreover, it is usually not necessary, except in research 
problems dealing with the biologic effects of radiation, to strive for great pre- 
cision, since sufficient conservatism has been employed in the establishment 
of the permissible levels to relieve the experimenter of the necessity of making 
a major research problem out of his radiation field evaluations. 

Nevertheless, for those who will spend the years of their professional life- 
time working with radiation, it is necessary to be confident that the cumu- 
lative exposure is within conservative limits and that no acute exposures 
occur through misjudgment based upon inadequacy of measurement tech- 
niques. 

General comments on radiation measurements.—T he biologic effect of radi- 
ation is related in first approximation to energy absorption from the radia- 
tion field by the biologic medium. Since the energy absorption results in ex- 
citation and ionization of the constituent molecules and atoms, it seems 
plausible that an adequate field evaluation could be made by simply em- 
ploying an ionization chamber whose walls and gas are comparable in average 
atomic number to that of the biologic medium. Indeed, if only a single instru- 
ment were to be selected this would be the choice. 

However, biologic damage is dependent not only upon the total energy 
absorbed per gram of the medium, but also upon the density of energy loss 
along the paths of the charged particles traversing the medium as a result 
of the incident radiation. The various types of radiation can deliver widely 
different densities of energy loss along the charged particle paths they pro- 
duce, and consequently there are different values of ‘‘relative biological 
effectiveness” (R.B.E.) assigned to them. This effect is summarized in the 
data of Table III, taken from a publication of the International Commission 
on Radiological Protection (12; see also 2). 

The practical meaning of these R.B.E. values is this: if a means is found 
for evaluating the energy delivery per gram of body tissue by a known type 
of radiation, then the biologic dosage delivered, relative to that produced 
by the same energy absorption from x-rays, is given by the R.B.E. factor. 

One roentgen of hard x- or y-radiation will deliver to 1 cm.’ of wet muscle 
tissue about 93 ergs of absorbed energy. By definition, one ‘‘roentgen 
equivalent physical’ (rep) of any type of radiation is that which delivers 
this same amount of absorbed energy to tissue per cm.* (or approximately, 
per gram). Then the biologic dosage, measured in roentgens equivalent man 
(rem) will be the product of specific energy adsorption expressed in rep 
multiplied by the R.B.E. factor. Thus: 


rem = rep X R.B.E. 
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TABLE III 


RELATIVE BIOLOGICAL EFFECTIVENESS VS SPECIFIC IONIZATION 











Ave. Spec. Ioniz., ion pairs/micron in water R.B.E. 
Less than 100 1 
100-200 1-2 
200-650 2-5 
650-1500 5-10 
1500-5000 10-20 





RELATIVE BIOLOGIC EFFECTIVENESS VS RADIATION TYPE 








Radiation Type Biologic Effect Involved R.B.E. 

X-rays, y-rays, and poease-ied irradiation 
B-rays of all energies (blood-forming organs critical) 1 
Fast neutrons, f and Whole-body irradiation 
Protons below 10 Mev (cataract formation critical) 10 
Naturally occurring : : . 

; Carcinogenesis 10 
a-particles 
Heavy recoil nuclei : 

- Cataract formation 20 

(from neutron collisions) 





* Alpha-particle irradiation of tissue has often been assigned an R.B.E. of 20. 
+ For slow and thermal neutrons a conservative R.B.E. value is 5. 


(Another energy absorption unit, the ‘‘rad,”’ is coming into frequent us- 
age. The rad is an absorbed dose of 100 ergs/gm., from any type of radiation, 
and in any medium of concern. When applied to human tissue, the rad and 
the rep are thus nearly synonymous, differing only by the factor 100/93). 

From the foregoing it is clear that even though a means is found for de- 
termining the rep (or rad) dosage from a radiation field, it is still necessary to 
estimate the intensities of the various components in order to assign an 
R.B.E. and to determine the biologically significant exposure. Thus, measure- 
ments of fast neutron, slow neutron, and gamma flux densities must be 
separately made when these components are present; and for this reason the 
permissible levels in terms of flux densities of these radiations were given in 
Table I. If one knows by some prior means the approximate fractionation 
of the mixed field among these various components, he may choose to meas- 
ure the “‘rep dosage’ by means of a properly designed ‘‘tissue equivalent”’ 
ionization chamber, and then multiply by an R.B.E. factor deduced from 
the known relative component intensities. The work of Rossi (13) should be 
consulted in this connection [see also (14), Chap. 15]. 

A useful summary of monitoring methods and instruments, with their 
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qualifications and limitations indicated, is to be found in (14), and useful 
recommendations on measurement methods are given in (15). 

Survey of gamma field intensities Since the R.B.E. value of x- and 
-radiation is unity, an ionization chamber with walls and gas (air) of low 
atomic number is generally suitable. If may be calibrated by reference to the 
field of a radium source of known strength, sealed in a standard capsule with 
0.5 mm. platinum wall, for which the field intensity in r/hr. is given by: 


Milli £R 
Intensity (r/hr.) = 8.4X —————; 





ie 
(distance in cm.)?’ 


m 
I=8.4—- 
a 


Generally, the chamber wall thickness should be at least equal to the maxi- 
mum range of secondary electrons generated therein by the y-radiation; but 
it should not be many times this thickness or the attenuation of the gammas 
by the wall will lead to a low reading. 

When soft x- or y-rays, considerably below 100 kev, are the main con- 
stituent of the field, it is particularly important that wall thickness be not 
excessive and that the wall and gas materials do not contain elements whose 
K-absorption energies lie in the energy region to be evaluated. The general 
problems of air or tissue equivalence, which will be important if precision 
of calibration over a wide energy range is necessary, are discussed in numer- 
ous places and well presented by Boag [(14), Chap. 4]. 

The radiation fields of some accelerators and x-ray devices consist of re- 
peated pulses of short duration in which the instantaneous intensity may be 
very high while the time average is only nominal. In such cases it is essential 
for a valid measurement to insure that recombination of ions does not occur 
during a brief period of high ion density during and immediately following 
the radiation pulse. Boag (14, 16) presents recombination theory and data 
to enable one to estimate the recombination correction. In any circumstance, 
the chamber voltage must be sufficiently high to provide saturation in the 
ion collection current. 

Survey of beta-particle radiation.—Here again, the R.B.E. is unity, so an 
air-filled ionization chamber with walls sufficiently thin to transmit the 
majority of the B-particles will give ionization currents proportional to 
dosage if the particle flux is essentially uniform through the chamber. 
Generally, the failure of some of the soft betas to penetrate the walls results 
in a deficiency in response; but if a thin window exists in the chamber wall 
facing the source of particles, the chamber can respond to all that is biologi- 
cally important since, from the standpoint of external radiation hazard, it is 
not necessary to record the effects of radiation which would not penetrate 
the human skin (5 to 10 mg./cm.?). 

A practical difficulty is presented, however, if one considers, for example, 
a survey for beta contamination of a surface. The recommended regulations 
prescribe that not over 1 mrep/hr. should be obtainable immediately above 
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a surface. In an air ionization chamber at atmospheric pressure, 10~* rep/hr. 
produces an ion current of only about 10—"* amp. per cm.’ of chamber volume. 
Thus, if a chamber volume of 1 liter is employed, all of which is uniformly 
irradiated at the rate equivalent to 10-* rep/hr., the total current would be 
only 107% amp. For certain isotopes (5) the recommended contamination 
level is only 10~‘ rep/hr., and the current is 10—“ amp. for 1 liter volume. 

Such currents are readily measurable by electrometer circuits and tech- 
niques, but they are not measured readily by simple hand-portable equip- 
ment. As a result, beta contamination survey is commonly done with a thin- 
window, portable geiger counter device possessing a count-rate output meter 
and possibly also an audible counting rate indication. A typical B-emitting 
material will give about 200 counts/min. per cm.? of exposed counter window 
when the radiation level is equivalent to 10~* rep/hr. Scintillation counters 
and proportional counters are, of course, also adaptable to survey use. The 
monitoring of airborne beta material will be discussed below in the paragraph 
on Air Monitoring of this section. 

Measurements of alpha-emitting surface contamination.—The hazards 
from alpha-emitting materials are essentially zero from the standpoint of 
external radiation, since clothing and skin prevent irradiation of important 
bodily tissues because of the short ranges of natural alpha-particles in matter. 
The hazard associated with alpha contamination lies in the possibility of it 
being ingested via contact with hands, or inhaled through its becoming air- 
borne as vapor or dust. 

In view of the very small tolerable body burdens, and consequently small 
permissible air concentrations for many of the alpha-emitters (see Table II), 
it is good practice to clean away all removable alpha-contamination which 
can be detected. That which is not removable is then covered with paint so 
as to fix it permanently. 

Surveys for alpha-emitting surface contamination usually utilize either 
a very thin-windowed, flat proportional counter, or a scintillation counter 
with large phosphor area. Each has its advantages and shortcomings; but 
each is capable of operation with discrimination against B- and y-radiation 
on the basis of pulse-height selection. 

The proportional counter type is frequently preferred because of easy 
portability, large counter area, light counter weight, and a flat shape which 
is easily inserted in shelves and similar structures. Most simply, it is an air 
proportional counter; but if greater complication is admissible, a gas-flow 
counter into which a selected counter gas (e.g., Argon plus 5 per cent COs) is 
constantly admitted at known pressure may be employed. The latter option 
eliminates problems caused by humidity variations but requires the provi- 
sion of a portable supply of counter gas. 

The discrimination between the majority of the a-particle pulses and 
those arising from beta and conversion electrons is unambiguous in a prop- 
erly functioning proportional counter, particularly if the depth of the count- 
ing volume is only one or two centimeters. 
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The scintillation type of alpha counter most advantageously employs a 
large area, thin layer of an inorganic phosphor such as zinc sulphide (silver- 
activated). The short range and high rate of energy loss of the a-particle 
permits the thin inorganic scintillators, with their freedom from saturation 
effects in light output, to discriminate effectively between the alpha-induced 
scintillations and those induced by beta-particles and electron events from 
gamma conversion. The energy loss and light output for an electron travers- 
ing the thin phosphor is small compared to that from an a-particle if the 
thickness is matched to a typical a-particle range in the phosphor material. 

Photomultiplier tubes possessing large, end-window, photocathode areas 
capable of viewing several square inches of phosphor are applicable to this 
purpose. A representative instrument of this type is described by Ryder & 
Hardison (17), in which a photomultiplier tube of 5 in. photocathode di- 
ameter views a 24-in.? area of ZnS. 

While the scintillation instrument is free of some problems, such as insu- 
lator noise, which may beset proportional counters, it has certain serious 
drawbacks: (a) it is bulky, and will not easily probe into confined spaces, (b) 
it is very sensitive to magnetic fields because of the electron trajectories in 
the photomultiplier, and in some laboratory situations the necessary amount 
of magnetic shielding becomes inconveniently heavy. 

A standard reference source of alpha-particle emission must be always 
available to check the functioning of any type of alpha-counting equipment. 

Evaluation of neutron fields.—In the shielding of nuclear particle accelera- 
tors and reactors, the adequate attenuation of the fast neutrons is usually 
the ultimate problem. The radiation field which exists outside the shielding 
of such a device consists largely of fast and slow neutrons and the capture 
y-radiation from neutrons captured in the outer layer of the shield and in 
surrounding materials. The propagation of radiation at large distances from 
high-energy accelerators is principally due to the multiple scattering of 
neutrons in air, and is consequently often referred to as ‘‘sky-shine,”’ par- 
ticularly because the original escape of the neutrons is often primarily 
through an inadequate top shield over the accelerator. 

Biologic effects from fast neutrons occur by their collisions with tissue 
nuclei, and particularly with hydrogen, to create heavily ionizing recoil par- 
ticles. For slow neutrons the effects come partly from the y-rays from 
neutron capture in body hydrogen: n+H!—H?+y, (2.2 Mev) and partly 
from capture in body nitrogen: n+N'4-+C%*-+-H! (.61 Mev). These explain 
the large values of R.B.E., namely, 10 for fast neutrons and about 5 for slow 
neutrons. The potency of fast neutrons for producing cataract is believed to 
be attributable to the dense ionization along recoil particle paths in the cells 
of the lens of the eye. 

Neutron survey work which seeks to obtain spectral intensity informa- 
tion is very difficult in the very low flux densities near the permissible levels, 
especially since the directional properties of the flux are neither simple nor 
well known. It is possible, however, to secure information in the general 
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categories of slow, fast, and high-energy neutrons; and it is possible to ap- 
proximate a mean energy value for the neutrons of the field. 

Before mentioning specialized counters, we will first discuss the measure- 
ments feasible with the best, single, general purpose counter for neutron 
work, namely, the BF; proportional counter (or boron-wall proportional 
counter, if preferred). Such an instrument should be available in any 
laboratory involving neutron work. 

(a) Measurement of slow neutron flux by observing the counting rate 
with and without a cadmium jacket, typically .030 in. thick [see, for example 
(18)]. The calculated counter efficiency proves to be satisfactory as a calibra- 
tion if the counter is in good condition and properly biased. 

(6) Measurement of total neutron flux density, without reference to 
energy; i.e., an energy-insensitive measurement (up to perhaps 20 Mev). It 
has been often observed that a particular thickness of (CHe), jacket sur- 
rounding a given BF; counter will provide a nearly uniform efficiency of 
counting over a wide range of neutron energies. De Pangher (19) has ex- 
ploited this characteristic for neutron field flux estimates. In Figure 1 are 
displayed experimental curves by Hess (20) giving counting response vs 
neutron energy for various (CHe), jacket thicknesses surrounding a propor- 
tional counter 1} in. in diameter and 7 in. long (active volume). The jackets 
extended somewhat beyond the active volume at each end. For a counter of 
this size and shape, a jacket thickness of 2} in. is seen to provide a rather 
uniform efficiency between 0.025 and 14 Mev. 

(c) Estimation of effective fast neutron energy. If a BF; counter is sur- 
rounded by a large envelope of cadmium, with sufficient space within for 
(CHe), jackets of various thicknesses, an instructive curve can be determined 
by plotting counting rate vs jacket thickness. The presence of the Cd en- 
velope is to absorb the slow neutrons so as to permit the build up of counter 
response with jacket thickness to be well revealed. 

In Figure 2, data from Hess (20) show such curves for neutrons of various 
energies. This kind of data, while far from giving spectrum information, does 
at least give one a feeling for the effective energy with which he is dealing. 

The previous possibilities with the simple BF; counter are given because 
they are immediately available to most experimenters at nuclear laboratories. 
Calibration of the foregoing arrangements, for cases b and c, can be achieved 
by use of a standard Po-Be or Ra-Be neutron source of known strength. 

Neutron field measurements of greater analytic information require 
techniques and instruments which cannot be discussed within this space. 
Useful sources of information are supplied by [Bemis, Chap. 10 (14); Rossi, 
Chap. 15 (14); Moyer (21); Hurst (22); and Hornyak (23)]. 

The application of photographic emulsions to the measurement of inte- 
grated flux densities is essentially the only method of personnel monitoring 
for fast neutrons, and the posting of such emulsions in various locations in 
areas of concern provides a useful comparison with the results of instrument 
surveys. Cheka summarizes emulsion technique for fast neutrons (24). 
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Fic. 1. BF; average efficiency as a function of neutron energy for various paraffin 
thicknesses, corrected to an isotropic flux distribution. The entire assembly was 
covered by Cd. The averaging over the 4m solid angle has introduced an error of as 
much as 10 per cent. (Paraffin thickness in cm.) 


Air monitoring.—For certain types of laboratory work it is desirable to 
obtain a continuous air monitor record. This is particularly true for routine 
work with tritium, and would also be true for laboratories where regular work 
with the heavy alpha-emitters proceeds. Devices for this purpose typically 
utilize a filter, through which air is drawn, to collect particulate activity; or 
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alternatively an electrostatic precipitator to drive particles on to a moving 
tape which is monitored by scintillation counting. Such instruments do not 
fall into the category of small laboratory equipment. Recent examples are 
described by Eustler et al. (25) for tritium, and by Sawle (26) and Knowles 
(27) for airborne alpha-emitters. 

The laboratory worker who needs only an occasional measure of airborne 
activity may usefully employ the ionization chamber method with a sensitive 
electrometer of the Lindemann or vibrating reed type. The evacuated 
chamber is allowed to fill itself with air in the region of concern. Its internal 
ionization current is then measured with the electrometer after the enclosed 
radon and thoron daughter products have decayed away. These radioactive 
gases are always present in the atmosphere because of earth radioactivity, 
and they with their daughters give ionization typically greater than the 
levels to be measured for the laboratory. However, they decay to negligible 
activity within a few days. 

This technique is familiar, highly sensitive, and can be very dependable; 
and it is applicable to either beta or alpha activities. Its use for tritium 
evaluations is described by Zeigler & Schwebel (28). 

Personal monitoring and records:—The use of film badges and pocket 
dosimeters for individual exposure data is by now so standardized as to 
require no discussion as to methods. Bemis (14, Chap. 10) summarizes cur- 
rent practice; and Ehrlich (29) presents a thorough analysis of photographic 
dosimetry. 

It must be remembered, however, that in a mixed radiation field the pre- 
cise meaning of film badge densities is unknown. Nevertheless, their use as 
a monitor of departures from normal is justified. But film badge data must 
always be supplemented by survey work adapted to the type of radiation 
field of concern. The regular use of badges posted in chosen locations to keep 
a long-term record of levels and their changes is highly desirable. 

There is as yet no useful history known to the author of court cases in- 
volving alleged radiation injury which will give indication as to what kinds 
of evidence and instrument records provide the most valuable data in legal 
actions. But, unquestionably, the increasing public recognition of radiation 
as a factor in well-being requires the maintenance of good records of personal 
exposures and of the radiation history of the work areas involved. Reasonable 
agreement among various methods which purport to measure the same field 
components or exposures provides an important check on the validity of the 
evaluations. 
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I. INTRODUCTION 


The larger portion of this article is a review of those papers published 
during 1957 that deal with the effects of ionizing and ultraviolet radiations 


MOORS 


AMOAW PS 


1 The survey of literature pertaining to this review was completed in February, 
1958. 

2 The following abbreviations have been used in this chapter: DRF (dose reduc- 
tion factor); LET (linear energy transfer); RBE (relative biological effectiveness) ; 
DNA (deoxyribonucleic acid) ; DNAase (deoxyribonuclease); RNA (ribonucleic acid) ; 
r (roentgen); kr (kiloroentgen). 
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on simple biological systems. This review differs somewhat from the pre- 
ceding ones in this series [Mortimer & Beam (113); Gray (68); Powers 
(147)] in that a particular aspect of interest to the reviewer is considered in 
some detail. No attempt has been made to survey the fields of radiation 
chemistry and mammalian radiobiology even though studies in these areas 
may be pertinent to cellular radiobiology. Biochemical changes following 
irradiation are also not intensively considered, as Holmes (77) has recently 
reviewed this material. 

As excellent review by Kimball (92) on the nongenetic effects of radia- 
tions on microorganisms has appeared during the year. The proceedings of 
the Stockholm conference on radiobiology contain a wealth of material and 
several of these reports [e.g., (2, 45)] are discussed in this review. Reviews 
by Pauly (136) on physiological changes following irradiation, by Konzak 
(97) on genetic effects of radiation on higher plants, and by Wichterman 
(191) on the radiobiology of protozoa contain many topics of interest to the 
cellular radiobiologist. The reader’s attention is called to a challenging 
monograph by Reid entitled Excited States in Chemistry and Biology (154) 
which is worth careful scrutiny. Radiation Biology, edited by Hollaender 
(75), can still be considered to be the standard reference in this field and can 
be consulted with profit. A number of more specific reviews are considered in 
appropriate places in this article. 


Il. SOME MODELS FOR PRIMARY RADIATION DAMAGE 


The inactivation of the simplest systems by ionizing radiations involves 
many coupled steps. The first step—the spatial and temporal transfer of 
radiation energy as ionizations and excitations—is known satisfactorily, at 
least in a qualitative sense. The subsequent events—migration and utiliza- 
tion of this energy to cause primary radiation damage, modification of the 
primary radiation damage, biological repair or amplification of this damage, 
and the appearance of detectable endpoints for this damage—are all in- 
triguing problems of cellular radiobiology. 

Perhaps the chain in this sequence most amenable to attack is the prob- 
lem of the migration of radiation energy from its original spatial configura- 
tion to the points where primary radiation damage is irreversibly inflicted. 
There have been several models developed which are concerned with this 
step of the radiation process. These models, in spite of their over-simplifica- 
tion, have been and will continue to be valuable in that they stimulate re- 
search to prove or disprove their validity. 


A. Drrect Action MopDEL 


In this formulation, developed most successfully by Lea (105) and re- 
fined by Pollard and his co-workers (143, 144), radiation modification of the 
biological units of concern is postulated to be brought about by means of 
ionizations directly within the unit. The efficiency of inactivation should de- 
pend on the density of ionization (LET) and on the physical state of the ir- 





CELLULAR RADIOBIOLOGY 345 


radiated system (e.g., whether dispersed or condensed). The radiation dam- 
age occurs at the point of the original ionizations; there is little if any migra- 
tion of this energy. 

From these assumptions and mathematical interpretations of the conse- 
quences of such inactivation events, Lea was able to account for many of 
the radiobiological phenomena known in the mid-1940’s; among these were 
the inactivation of viruses and simple cells under certain conditions, gene 
mutations, and chromosome aberrations. Pollard and his collaborators have 
used these concepts to estimate the size and structure of many biological 
units, often with amazing success. There can be no question that ionizations 
within molecules can change their structure and subsequent function; 
hence, direct action inactivation of biological units must always be present. 


B. InprrEctT ACTION MopDEL 


The direct action model in its original form takes no account of the modi- 
fication of primary radiation events by various physical and chemical agents. 
Its adherents have made no claim for its universal applicability to radiobio- 
logical phenomena; it would be expected to be appropriate only if there is 
no transfer of radiation energy between the target molecule and its environ- 
ment. The development of the radiochemistry of water, the success of these 
concepts in dealing with the effects of ionizing radiations on in vitro enzyme 
systems, the modification of radiation damage by various chemical and 
physical agents, and the general failure of the direct action model to describe 
inactivation efficiencies quantitatively all led to the development of the 
indirect action model. Here, ionizations within water molecules produce 
free radicals; these can then diffuse over reasonably long distances within 
the cell (variously estimated from 30 A to a few microns), bringing about, on 
successful collision with vital molecules, structural modifications and subse- 
quent modification of function. 

The most general formulation of the indirect action hypothesis is that of 
Zirkle & Tobias (205). They assume that radiation effects on a particular 
target can not only be brought about by direct action but also by free radi- 
cals (or other ‘‘poisons”’) produced by the ionization of water. The farther 
away from the target these poisons are produced, the less the probability 
they have of migrating from the point of production to the target. In the 
migration or indirect action model, account is taken of physical or chemical 
agents which affect the production of free radicals, their diffusion, their life- 
times, the efficiency of reaction with the target region, etc. For example, 
the oxygen effect (increased radiosensitivity in the presence of oxygen) is ac- 
counted for usually by the production of the HO, radical; the phase effect 
(decreased radiosensitivity in the frozen state compared to the liquid state), 
by diminishing diffusion in the solid phase; the desiccation effect (decreased 
radiosensitivity in dried materials compared to wet ones), by a decreased 
production of free radicals in the absence of water. 

The migration model should not be considered as having eliminated in 
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any sense the direct action model; it simply is a more general formulation 
that includes as a part of itself the direct action hypothesis, the results of both 
direct and indirect action inactivation being described in the mathematics of 
classical target theory. 


C. MopiFiABLE Direct ACTION MODEL 


The migration model was created because of the inability of the direct 
action formulation, in its original sense, to account for the action of chemical 
and physical modifying agents and because of the feeling that free radical 
mechanisms known to be operative in the radiobiology of in vitro systems 
and virus systems should play a role in cellular systems. Recently Alexander 
and others (2) have demonstrated modification of radiation damage in sys- 
tems in which indirect action is unlikely (water-free systems). Alper and 
Howard-Flanders (4, 78) have suggested, as a result both of the demon- 
stration of modification in ‘‘direct action systems” and of the inability 
of the migration model in its simplest form to account for certain observed 
phenomena, that free radical inactivation in the sense of the migration model 
is not of primary importance in cellular radiobiology. They propose, instead, 
that the primary radiation processes that occur within the target volume 
either inactivate the target completely or leave it in an excited state. This 
excited state can either recover or it can be irreversibly affected in a detri- 
mental fashion by reaction with oxygen or various chemicals in its environ- 
ment. This excited state, called a metionic state by Alper, is postulated to 
have a lifetime of possibly between 10~* and 10~ sec. Again, the inactivation 
kinetics are those of classical target theory. The essential feature of this and 
the direct action model is that the radiation energies bringing about the 
injurious effects are transferred directly from the ionizing particles to the 
affected sites; there is no intermolecular energy transfer. 


D. RECENT PERTINENT EXPERIMENTS 


The indirect action and the modifiable direct action models contain 
within themselves the classical direct action model of Lea. Thus, the com- 
‘parison here should be between these two models. Undoubtedly, neither 
model is wholly correct; a model is at best an approximate description of the 
way nature operates. Its value lies in its ability to stimulate new experimen- 
tation, which in turn allows a better description of nature. The present evalu- 
ation is intended to point out the inadequacies of both models and to suggest 
features any successful model must have. 

The case for direct action has been summarized elsewhere in consider- 
able detail (105, 143); recent papers will be discussed in a later part of this 
review. It should be mentioned that the usefulness of the direct action model 
in calculating geometrical sizes or molecular weights has recently been ques- 
tioned by Alexander (3). He feels that energy transfer processes occur both 
between and within molecules even in the solid state and that these will 
introduce serious errors in volume calculations, especially in smaller volumes 
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(e.g., enzymes); for larger structures (e.g., viruses) values deduced from 
target theory calculations will be more meaningful. Hutchinson (80) has 
also found what may be a transfer of radiation energy through a molecular 
layer of enzymes (see III.B.1). 

Hutchinson, Preston & Vogel (83) have studied the inactivation of inver- 
tase, alcohol dehydrogenase, and coenzyme A by several ionizing radiations 
in both wet and dry yeast cells. The radiosensitivity in wet cells compared 
to dry cells is 2:1 for invertase, 20:1 for alcohol dehydrogenase, and 100:1 
for coenzyme A, Extracted enzymes irradiated in the dry state have sensi- 
tivities similar to those found in dried cells. Enzymes in thoroughly dried cells 
are 2 to 4 times as radioresistant as those in cells having only 5 per cent 
water. Hutchinson (81) analyzes these data in terms of the migration model 
of Zirkle and Tobias and finds that the mean radical diffusion distance for 
all three enzyme systems in wet cells is of the order of 30 A; it is interesting 
to note that if water is uniformly distributed around molecules within the 
cell, the mean water thickness is also about 30 A. If Hutchinson’s interpreta- 
tions are correct and if these effects are generally applicable for other targets 
within cells, these short diffusion distances force a re-evaluation of certain 
aspects of the indirect action hypothesis. At the oxygen concentrations at 
which the oxygen effect becomes important (about 5 u4M/L for most micro- 
organisms), oxygen molecules are about 700 A apart; thus, the probability of 
a collision between H and O; during a 30 A migration to form HO, (the 
mechanism most often considered for the oxygen effect) is very low. 

It is very difficult not to interpret these studies from the indirect action 
hypothesis. For example, the sensitive volume of coenzyme A in dry yeast, 
as calculated from target theory, is within a factor of two of the geometrical 
volume as determined by other methods; however, the sensitive volume in 
wet yeast is approximately 100 times larger. 

Alexander (3) has described the conditions which he feels are necessary 
to connect an oxygen effect to a direct action mechanism. The oxygen effect 
must be demonstrated in a material in which the action is known to be 
direct (operationally, this would mean in the complete absence of water), 
and the oxygen effect should decrease with increasing LET (at higher LET, 
the radiation effect would be so severe that further insult by oxygen would 
be redundant). To test this hypothesis, he irradiated crystalline trypsin 
(4 to 6 per cent water) with 2 Mev electrons, Co y-rays and polonium a- 
particles in air and in the absence of oxygen. Inactivation of enzyme activity 
was exponential with dose in all cases. The response to Co® and electrons 
was the same; for these two radiations, the presence of oxygen (air) reduced 
the inactivation dose by 30 per cent. There was no oxygen effect with a- 
particles. Alexander suggests two mechanisms that might ~ count for the 
oxygen effect: (a) that previously discussed, namely, an excited state induced 
by radiation which can react with oxygen to produce an irreversible inactiva- 
tion; and (6) a reaction in which O; radical could inactivate the target 
molecule. Alexander found that crystalline trypsin (4 to 6 per cent water) 
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had the same radiosensitivity as that vacuum-dried; it is not clear from his 
report if vacuum drying removed additional water. It should be remembered 
that Hutchinson, Preston & Vogel (83) found that removal of 5 per cent of 
the water from yeast changed their radiosensitivity by a factor of 2 to 4. 
The possible importance of residual water will be discussed later. 
Howard-Flanders & Alper (78) have studied the radiation response of 
three microorganisms (Escherichia coli, Shigella flexneri, and haploid Sac- 
charomyces cerevisiae) at various oxygen concentrations with both x-rays 
and fast neutrons. Oxygen concentrations were accurately controlled even at 
very low concentrations by an ingenious system which allowed continuous 
equilibrium by gases even during irradiation. The DRF for x-irradiation in 
the absence of oxygen was about 3 for the bacteria and 2.4 for the yeast; 
with neutron irradiation, about 1.5 for Shigella and 1.6 for yeast. In all 
cases half of the maximum oxygen effect was obtained at about an oxygen 
concentration of 5 uM/L (separation between O2 molecules of about 700 A). 
These results are interpreted by means of the modifiable direct action mecha- 
nism already discussed. They postulate that some of the affected targets will 
normally recover unless they react with oxygen to produce an organic per- 
oxide which is irreversible. Under anoxic conditions, from these results, 
about two-thirds of the target molecules ionized by x- or y-rays would be 
able to recover, whereas in the presence of oxygen all ionizations would lead 
to irreversible and detectable change. The lifetime of the oxygen-sensitive 
excited molecules is estimated to be less than 0.02 sec. (from experiments in 
which irradiated material is quickly switched from a nitrogen to an oxygen 
atmosphere) and greater than approximately 1 usec. (the number of col- 
lisions of oxygen with the excited target under these conditions, is approxi- 
mately 10° collisions/second). Howard-Flanders and Alper suggest that if 
cellular inactivation follows the mechanism of the modifiable direct action 
model, then classical target theory can be applied to nondried systems in 
the oxygenated state because, according to their ideas, there is no migration 
of radiation energy and a single ionization has a probability of one of being 
effective under aerobic conditions. It must be pointed out that if this concept 
of target theory is correct, then the large number of investigations which 
have been concerned with measuring molecular weights and structural 
configurations are invalidated, since these studies for the most part have 
been carried out within an oxygen-free environment (i.e., a vacuum). 
Wood & Taylor (197) have compared the x-ray sensitivities of two strains 
of yeast (a fermenting strain and a respiring strain) under both aerobic and 
anaerobic conditions at —10°C. in both liquid (supercooled) and frozen sus- 
pensions. The DRFs afforded by anoxia in the liquid phase were 1.4 and 
2.3 for the respiring and fermenting strains, respectively; in the frozen 
phase, 1.7 and 2.1, respectively. The overall DRFs for both anoxia and freez- 
ing together were 2.9 and 3.4 for the respiring and fermenting strains, re- 
spectively. These authors analyze the data in terms of indirect action, and 
consider that the overall radiation ‘‘cross section” for this system is com- 
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posed of four parts: (a) a portion eliminated by anoxia only; (b) a portion 
eliminated by freezing only; (c) a portion eliminated by freezing or anoxia; 
and (d) a portion affected by neither anoxia nor freezing. The fact that an 
oxygen effect was found in the solid state made necessary an investigation of 
the amount of cellular water actually frozen at various temperatures [Wood 
& Rosenberg (196)). In yeast, approximately 10 per cent of the cellular water 
is unfreezable, ever. at —72°C. (one definition of bound-water). If this un- 
frozen water can serve as an interface on which oxygen can be absorbed, 
then an additional parameter is available to explain an oxygen effect in the 
frozen state. Wood and Taylor discuss the possible role of bound-water in 
radiobiological processes and believe that it may play an important role in 
incompletely dried systems. 

Alexander (2) has expressed a view that the demonstration of a phase 
effect in radiosensitivity is evidence for the operation of a radical mechanism. 
However, Alper (5) chooses to explain the phase effect as being due to the 
elimination, in the frozen state, of reactions between her metionic state and 
reactive agents other than oxygen that would react to make restoration im- 
possible. Freezing at low enough temperatures would be expected to elimi- 
nate all diffusion processes, so it is difficult to see how additional protection 
could be afforded by anoxia in the frozen state over that afforded by the 
frozen state alone. Her ideas, of course, can be salvaged by the same means 
used by Wood and Taylor, namely, by considering the role unfrozen or 
bound-water might play. Thus, both the indirect action model and the modi- 
fiable direct action model are not adequate in their simplest formulations to 
account for additional protection afforded by anoxia in the frozen state; 
it is necessary to add one additional parameter in either case for an ade- 
quate explanation. 

In a very interesting study Ebert & Howard (53) have investigated the 
effects of high pressures of nitrogen and hydrogen gases on the x-ray response 
(growth rate of roots) of Vicia faba. When irradiation is carried out in the 
presence of 1 atm. of air plus 50 or 100 atm. of hydrogen, considerable pro- 
tection is afforded over the condition when only air is present (DRF’s of 1.4 
and 1.8, respectively). High hydrogen pressure would not be expected to 
affect oxygen concentration per se; however it might be expected to increase 
HO, production if oxygen is also present; thus, they infer that under these 
conditions HO, inactivation is not of primary importance. They postulate 
that organic radicals produced in the presence of oxygen, rather than HO, 
radicals, are the damaging entities. Ebert and Howard also find that pres- 
sures of nitrogen from 20 to 120 atm. in the presence of 1 atm. of air give 
full protection against the oxygen effect (DRF of 2.5). This, they believe, 
might be attributable to nitrogen replacing oxygen that is absorbed on 
critical sites thereby reducing radiosensitivity. 

None of the experiments described above are definitive in that they elimi- 
nate either the indirect action model or the modifiable direction action model 
from further consideration. Alper and Howard-Flanders (5, 78) feel that the 
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modifiable direct action model offers explanation of existing experimental 
results, and they find it unnecessary to retain any aspects of indirect action. 
However, the foundations of cellular radiobiology (radiochemistry and the 
radiobiology of aqueous suspensions of biological materials) cannot be so 
easily crumbled. Free radicals are undoubtedly formed within the cell on 
irradiation and they undoubtedly react with and modify target molecules. 

A considerable amount of evidence is now available that indicates that 
the HO, radical may not play a predominant role in the oxygen effect [see 
Alper (5) for review of earlier information]. The demonstration of an oxygen 
effect in dried materials is evidence that HO, need not be involved in all 
oxygen-sensitive systems. Furthermore, if Hutchinson’s (81) interpretation 
of the mean diffusion distance of free radicals (of the order of 10’s of A) in 
in vivo system is generally applicable, the probability of HO, radical forma- 
tion is low. The mechanism for oxygen dependence postulated in the modifi- 
able direct action model may be considered an explanation of the oxygen ef- 
fect in aqueous systems. 

On the other hand, it is very difficult to explain by use of the modifiable 
direct action model cases in which target theory analysis gives a volume for 
the target region greater than the overall geometrical volume. Such com- 
putations indicate that an energy transfer process as postulated by the in- 
direct action model must have occurred. Thus quantitatively, the modifi- 
able direct action model is not completely satisfactory. 

It seems at this time that the best operational model to stimulate experi- 
ments at a fundamental level is one using the best parts of both models. 
It should be remembered that both models use the formulations of target 
theory; they differ only in the absence or presence of mechanisms by which 
radiation energy can be transferred from the environment to the target 
being considered. 


III. SOME FACTORS INFLUENCING RADIATION RESPONSE 
A. RADIATION PARAMETERS 


1. Linear energy transfer (LET).*—The spatial configuration in which 
radiation energy is laid down is known to influence greatly the relative 
biological response (RBE) of the test system. Since our ultimate under- 
standing of radiation effects will be at the atomic level, it seems desirable 
to direct our attention at this level. For this reason it is suggested that the 
unit of LET be expressed as electron volts per angstrom (ev/A), the ang- 
strom being a convenient unit of atomic separation. 

Two recent contributions to the evaluation of LET for various ionizing 
radiations have been made. Burch (27) has defined a mean LET and has 


§ The numerical values for LET given in this review are for the most parts esti- 
mates made by the reviewer and in some cases may be quite inaccurate. It is recom- 
mended that individual authors give such estimates themselves. 
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made calculations for several of the often used radiations. Snyder & Neufeld 
(174), taking account of energy loss caused by nuclear and electronic col- 
lisions, have made similar calculations. 

Two important papers dealing with LET have been discussed in some 
detail in Section II.D [Alexander (3); Howard-Flanders & Alper (78); see 
also (60, 98, 181)]. Hutchinson, Preston & Vogel (83) have found no signifi- 
cant influence of LET over a range from 0.03 to 10 ev/A on the radiation 
sensitivity of several enzymes normally found in yeast cells under condi- 
tions in which the enzymes were irradiated (a) in ‘‘wet’’ cells, (6) in ‘‘dried’”’ 
cells, and (c) outside the cell in the dry state. 

Setlow (165) has studied the activation of dried T2 virus by deuterons and 
a-particles over the LET range 2 to 12 ev/A. The RBE for this process 
changes but slightly from 2 to 5 ev/A but increases by about 50 per cent 
at 12 ev/A. She interprets the data as indicating that two ionizations are 
required for suppression of ability to lyse bacteria. 

Donnellon & Morowitz (50) have irradiated Bacillus subtilis spores with 
protons, deuterons, and alphas such that the LET varies over a range from 
0.6 to 33 ev/A. RBE increases by approximately a factor of 7 over the range 
of LET used. The authors interpret their results in the light of target theory 
as indicating that two or more potential targets are in the spore and that at 
least one of the targets requires a large amount of energy for inactivation. 
They speculate that at low LET a genetic target requiring a single ionization 
for inactivation may be involved, whereas at high LET cytoplasmic damage 
may be involved. Soft x-rays (half-value layer, 0.065 mm. Al) are found to 
be approximately twice as effective as harder x-rays (14.2 mm. Al HVL) in 
the inactivation of spores of Bacillus megaterium [Powers et al. (149)]. 

Cessation of growth of the apical cell mass of the root of Victa faba 
has been found by Spalding, Langham & Anderson (177) to be the same for 
equal dose of 8-particles from tritium (0.2 ev/A) and 175 kvp x-rays (0.3 
ev/A). Co y-rays (0.04 ev/A) are comparable to x-rays, but radon a-rays 
(12 ev/A) have a RBE of 5.8 [Spalding (176)]. 

Radiation damage from x-rays (reduction of seedling height) is increased 
as much as threefold if irradiated dormant barley seeds are stored for 24 hr. 
between the radiation treatment and germination; no such delayed effect 
is found with fast or thermal neutrons [Curtis et al. (41)]. In the same system, 
Caldecott et al. (33) have found that dry seeds (4 per cent water content) 
display more radiation damage from x-rays (0.3 ev/A) if added immediately 
to oxygenated water after x-ray treatment; there is no appreciable modi- 
fication after fast (~2 ev/A) or slow (~10 ev/A) neutron treatment (see 
Section III. C.2). Nilan & Phillips (120) have studied the comparative effects 
of thermal neutrons (~10 ev/A) and x-rays (0.4 ev/A) on the production 
of chromosome aberrations in normal and calcium-deficient barley seeds. 
The calcium-deficient seeds exhibited a higher frequency of chromosome 
aberrations and were more sensitive to x-irradiation; there was no differen- 
tial sensitivity with thermal neutrons. 
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A rather disturbing picture of the comparative effects of 220 kvp x-rays 
(0.2 ev/A), 0.4 Mev y-rays (0.04 ev/A), and 30 Mev x-rays (0.03 ev/A) on 
the frequency of chromosome aberrations in Tradescantia has been published 
by Bora (23). When scoring is done after 72 hr., the 30 Mev radiation seems 
to be less effective than the others; however, with 137-hr. scoring, the 0.4 
Mev y-rays are more effective in producing aberrations than either of the 
others. He assumes that different mechanisms are involved in the induction 
of chromosomal breaks by the roentgen rays (220 kvp and 30 Mevp) and the 
y-rays. It is difficult to understand this interpretation, especially on LET 
considerations. 

Three reports have appeared recently on the influence of LET on domi- 
nant lethal damage in Drosophila. Using egg-hatch as the endpoint deter- 
mination, Sheppard et al. (169) find that the RBE of fast neutrons (~2 ev/A) 
relative to 250 kvp x-rays (0.2 ev/A) is definitely greater than two. Fast 
neutron dose-effect curves are exponential; x-ray curves are concave down- 
wards. Thus RBE’s vary from 4.5 at low doses to 2.9 at higher doses. Using 
the same criterion of damage, Alexander (1) finds that the RBE’s of 1.2 Mev 
y-rays (0.05 ev/A) and 22 Mev x-rays (0.03 ev/A) are both approximately 
0.7, compared to 200 kev x-rays (0.3 ev/A). Paterson (135) also reports a 
similar value. 

2. Wavelength.—A recent survey of various aspects of ultraviolet action 
can be consulted with profit [Setlow (166)]. Action spectra for ultraviolet 
effects on several proteins have been reported by Setlow & Doyle (167). 

Quanta of wavelengths less than 2000 A may have enough energy to 
ionize molecules of biological importance. Thus an investigation of the 
vacuum ultraviolet may provide the information that might link the effects 
of ionizing radiations and ultraviolet radiations. Preliminary results by Set- 
low, Watts & Douglas (168) indicate that the quantum yields for inactiva- 
tion of the enzymes trypsin and chymotrypsin are constant between 1900 
and 1600 A; the yield at 1200 A is five times that at the longer wavelengths. 

3. Dose rate and fractionation.—Powers et al. (148) have developed a 
technique for the x-irradiation of dry spores of B. megaterium that allows 
the recognition of small differences in radiosensitivities. Thus it has been 
possible to detect a 12 per cent change in the radiosensitivities of spores 
treated at 850 and 1600 r/min., the higher intensity being more effective 
(149). It is unlikely that such small differences in dose rate would be opera- 
tive at the primary level of radiation damage. The exposure times in their 
experiments are several hours, an amply long time to allow biochemical 
factors to become operative. Fractionation studies using the higher dose rate 
would be of value in determining at which level the modification is operative. 
See Section IV. A for other studies in which the fractionation times are such 
as to implicate metabolic recovery (22, 32, 37, 86, 87, 162). 


B. ENVIRONMENTAL FACTORS 


1. Phase state, dehydration, and temperature.—It is worthwhile to consider 
the similarities and differences between radiation studies done with frozen 
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and with dried materials. Very often it is assumed that for radiobiological 
purposes these two conditions are equivalent; certainly in many cases the 
same degree of protection is afforded by drying and by freezing [see (17, 66)]. 
However, Wood & Taylor (198) have found that with yeast irradiated at 
—72°C., it is not the temperature existing during irradiation nor the amount 
of cellular water frozen that is of primary importance in determining the 
radiosensitivity, but rather the rate at which these cells are frozen to the 
irradiation temperature. In the temperature range from 0° to —35°C., cells 
slowly frozen attain a very radioresistant state, being approximately four 
times as resistant at —35° as at 0°; the radiosensitivity for slowly frozen 
cells remains essentially constant from —35° to —72°C. However, cells 
frozen at a rate typical of the bath temperature (fast-frozen) show an in- 
creasing sensitivity from —35° to —72°C., where they attain a sensitivity 
characteristic of the liquid phase (0°). Slow-frozen cells are progressively 
dehydrated by salts in their external medium as the irradiation temperature 
is lowered and freezing progresses; this dehydration would be expected to 
reduce the radiosensitivity according to the indirect action hypothesis. On 
the other hand, cells frozen at faster rates have their internal water frozen 
before they can be dehydrated. Upon irradiation, energy derived from the 
radiations will be released in the same geometrical pattern as in the liquid 
phase cell; this energy is postulated to be stored then in the ice phase until 
thawing when the subsequent state of action will be similar to that in the 
liquid phase cell. Those conclusions are made more likely by the fact that 
cells slowly frozen by step-wise methods to —72°C. show a sensitivity char- 
acteristic of slow-frozen cells (very resistant) instead of that characteristic 
of fast-frozen cells (liquid phase sensitivity). In addition, cells frozen at a 
fast-rate to —72°C. and then irradiated at higher temperature, —50°, show 
a response typical of —72°. In another paper (197) these authors point out 
that with frozen cells a portion of the cellular water (bound-water) is not 
in the frozen state and may be of importance for radiobiological processes. 
Thus before drying and freezing are equated as far as radiobiological 
processes are concerned, the position of the frozen water (within or without 
the cell) and the role of the bound- or unfrozen water must be considered. 

A pigmented Sarcina bacterium studied by Bellamy, Kilburn & Terni (17) 
has been found to be approximately five times as resistant when irradiated 
in the dried state as when irradiated in suspension. Frozen suspensions of 
cells have the same sensitivity as dried samples. Similarly, Ginoza & Norman 
(66) find that frozen or dried samples of either tobacco mosaic virus and its 
extracted nucleic acid all have the same radiosensitivity. They find that an 
interesting additional protection of approximately twofold is given to the 
nucleic acid when 2 per cent glutathione is added before freezing or drying. 
Okada (125) reports a greatly decreased x-ray inactivation of DNAase when 
irradiated in the frozen state. The temperature dependence of B. megaterium 
spores to x-rays has been investigated by Webb, Ehret & Powers (187) be- 
tween 4.5°K. and room temperature; sensitivity is about 30 per cent greater 
at room temperature than at the lowest temperature investigated. Their 
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results are such that they rule out the simple application of an Arrhenius 
temperature relationship over this entire range. 

Hutchinson (80) has studied the inactivation of a thin layer of enzyme 
by low-energy electrons (several hundred volts). Such layers cannot be in- 
activated below a certain level regardless of the radiation dose. This indi- 
cates that there is no appreciable transfer of radiation energy at room 
temperature from the outer, irradiated molecules to those deeper within the 
layer. At 100°C. an additional molecular layer is inactivated. This could be 
due to either a true energy transfer or to some kind of cross-linking induced 
by the high temperature. Braams (25) has also suggested that radiation 
energy transfer within molecules is temperature dependent. 

Sarié (161) has found that with winter oat seeds the x-ray sensitivity 
decreases with increasing age of the seed (harvest time). The water content 
of these seeds decreases from 79 to 20 per cent, the youngest seeds having 
the highest water content. It would thus appear, if one assumes that it is 
primarily the water content that is influencing radiosensitivity, that the 
radiosensitivity decreases with water content. However, water changes in 
such a system might follow metabolic conditions which may be of primary 
importance. 

Siegel (170) has studied the ultraviolet inactivation of two strains of 
tobacco mosaic virus under conditions where the virus was irradiated both 
in the dried and in the wet state. Both strains are equally sensitive when 
dried; one of the strains, however, is approximately five times as resistant 
when irradiated in the wet state. In a bacterial virus specific for B. mega- 
terium, however, the ultraviolet sensitivity is approximately twice as great 
in the wet condition as when the virus is irradiated dry [Friedman (63)]. 
Other papers of possible interest are (2, 3, 31, 32, 33, 41, 83, 118). 

2. Oxygen concentration.—The oxygen effect and its importance in radio- 
biology has been discussed in Section II. D; several papers dealing with this 
subject are reviewed there (3, 53, 78, 197). Bachofer & Pottinger (14) have 
found that oxygen protects bacteriophage T1 from both x-irradiation and 
hydrogen peroxide inactivation. They consider that the oxygen protection 
for T1 is not due to the removal of atomic hydrogen by oxygen as postulated 
by Alper for S13 phage (4), but suggest it is attributable to a reaction 
between the phage and oxygen, this complex conferring stability upon the 
phage. Another case of oxygen protection has been described in an interest- 
ing study of cocarbolylase and thiamine by Ebert & Swallow (54). In the 
presence of high concentrations of alcohol, oxygen may actually protect 
from radiation damage, presumably because of competition between oxygen 
molecules and the enzyme for radicals produced by the irradiation of the 
alcohol. 

Okada and his co-workers have studied the inactivation of DNAase by 
radiations (125 to 129). It is concluded from studies on inactivation by 
hydrogen peroxide and by hydrogen peroxide plus ferrous sulfate or ultra- 
violet irradiation that OH radicals are important in this inactivation process. 
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Less inactivation from x-irradiation is obtained in oxygen-free solutions than 
in oxygenated ones. They conclude that OH and HO; radicals are primarily 
responsible for irradiation damage in this system. Okada (126) has analyzed 
this data from a kinetic viewpoint developed on the assumption of a pre- 
vailing steady-state. The half lives of the effective free radicals are estimated 
to be 10~’ to 10~® sec. The kinetics suggest that only one of 10 radicals which 
react with a DNAase molecule is effective in causing a loss of enzymatic 
activity. The effectiveness of various materials in protecting against indirect 
effects was determined. DNA was found to have high protective ability and 
it is suggested that this is due to a complex between DNAase and DNA. 

Bruce (26) has found a DRF for the oxygen effect of about 2 in x-irradi- 
ated yeast; see also Wood & Taylor (197) and Howard-Flanders & Alper 
(78) for related work with yeast. 

When the appearance of normal anaphases 24-hr. after x-irradiation is 
used as an index of radiation effect in ascites tumour cells, air-saturated 
suspensions are found to be 3.7 times as sensitive as air-free suspensions, 
and oxygen suspensions 4.7 times as sensitive [Conger (39)]. Dittrich (49) 
reports very similar results. Neary (118) has confirmed earlier observations 
that the DRF due to anaerobic conditions in Vicia faba is about 2.5 for 
y-irradiation; the criterion of damage is reduction in rate of root elongation. 
Kihlman, Merz & Swanson (90) suggest that the oxygen effect, as far as 
chromosome breaking in Vicia is concerned, is attributable to a change in 
the bound iron of the chromosomes from the reduced to the oxidized form. 
With the same material and same criterion Wolff & Luippold (195) obtained 
a DRF in the oxygen effect of about 2. From a study of the modification of 
chromosome aberrations in onion root tips by x-rays, Riley (156) concludes 
that factors other than oxygen concentration at time of irradiation may be 
important in influencing radiosensitivity. The influence of anoxia during 
x-irradiation on the induction of mutations of linked endosperm factors has 
recently been studied [Konzak (96)]. Entire endosperm mutants were re- 
duced fourfold by anoxia; mosaic endosperm, 1.9; nonmosaics, 1.8. If ob- 
served endosperm phenotypic changes represent breaks, specific chromo- 
somal regions (as marked by genetic loci) may respond differently to anoxia 
as far as radiosensitivity is concerned. 

X-irradiations in nitrogen, air, and oxygen of Drosophila spermatids 
show oxygen has no appreciable effect over air but nitrogen lowers radiation 
effects (autosomal translocations) considerably [Oster (132)]. On the other 
hand, in spermatozoa in the male or in the female, nitrogen and oxygen 
modify dose response below and above the air response about equally. It 
may be inferred from these results that spermatids may have more oxygen 
normally present or available. Habrobracon eggs show a consistently greater 
radiation response to anoxia than do spermatozoa, irrespective of sensitivity 
of their chromosomes to x-rays [Whiting & Murphy (190)]. The DRFs for 
the oxygen effect vary from 1.6 to 2 for eggs and from 1.2 to 2 for spermato- 
zoa. They suggest that the water content of these cells might be the basic 
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factor involved in this difference. Their conclusions favor the breakage 
hypothesis (as contrasted to the recovery hypothesis) as regards the mecha- 
nism of the oxygen effect. 

Irradiation of dry pollen of Tradescantia paludosa with monochromatic 
ultraviolet light of various wavelengths has shown no significant difference 
in the number of chromatid and isochromatid aberrations when treatment 
was in air or in nitrogen [Kirby-Smith & Craig (95)]. Giese, Iverson & 
Sanders (65) find no oxygen effect on the survival of yeast exposed to ultra- 
violet radiation [see also (2, 7, 12, 31, 33, 59)]. 

3. Chemicals.—-Several mechanisms for chemical modification of radia- 
tion damage have been proposed; among these are scavenger action for free 
radicals (54, 160), oxygen removal (78), repair of primary radiation damage 
(20), sensitization for radiation damage (16), free radical production (54), 
shielding of sensitive molecules (106, 146), and metabolic inhibition (12). 

Littman, Carr & Clauss (106) have studied the effectiveness of various 
chemicals (aldehydes, dialdehydes, ketoaldehydes, and keto acids) in pro- 
tecting cysteine against y-irradiation (Co®). Their results indicate that the 
masking of radiosensitive groups by specific chemical reactions may be a 
more effective way of reducing certain effects of ionizing radiation than the 
addition of free radical acceptors. 

An interesting study has been made by Rosen & Boman (159) and by 
Rosen, Brohult, & Alexander (160) on the effects of y-rays on solutions of 
human serum albumin, using both loss of sedimentation with ultracentri- 
fugation and change in chromatographic response as measures of radiation 
damage. They believe that the radiation effects are largely caused by in- 
direct action, since the magnitude of the radiation effect depends on the 
initial protein concentration. Thiourea, cysteamine, and sodium benzoate 
are all found to be effective protectors at concentrations of around 107° M. 
From the shapes of the dose-effect curves they infer that thiourea and cyste- 
amine protect by reacting with free radicals and after reactions are no longer 
effective as protectors. The product formed by the interaction of free radicals 
and sodium benzoate is thought, however, to continue to be effective as a 
free radical remover with approximately constant efficiency. 

Augenstine (10) has found that at certain concentrations the inactivation 
of protein solutions is larger than is to be expected from freely diffusing 
radicals alone. This additional effect, classified as an ‘‘activated ion’’ effect, 
accounts for target volumes 45 and 200 times the molecule volumes for 
chymotrypsin and trypsin, respectively. 

Bachofer and his co-workers have studied extensively the action of 
various chemicals in modifying the radiations response of T1 bacteriophage. 
Cyclohexanecarboxylic acid and various benzene derivatives have been used 
by Bachofer & Hartwig (13) in order to determine what effect the substituent 
groups and their positions on the ring would have on the protective ability 
of each compound; x-irradiations were carried out with variations in pH, 
dose, and concentration of the compounds. Cyclohexanecarboxylic acid 
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affords high protection; o-, p-, and m-aminobenzoic acids protect in that 
order, the first being approximately equal to cyclohexanecarboxylic acid. 
Intermediate concentrations protect better than high or low concentrations; 
higher survivals are generally produced at higher pH values. Hydroxybenzoic 
acids are less effective protectors; benzoic acid was a poor protector. Various 
reducing agents have been found to be extremely effective in protecting 
against x- or y-irradiation. In particular, KCN and NaNO give DRF'’s vary- 
ing from one to approximately three as their molarities are increased from 
10-7 to 10-* [Bachofer & Pottinger (14)]. From this and other evidence they 
believe that even though oxygen protects T1 from ionizing radiations, this 
system is inactivated chiefly by the oxidizing action of ionizing radiations. 
Pottinger & Bachofer (146) have also compared the protection afforded by 
various inorganic salts against the effects of x-rays and heat. It is found that 
0.1M concentrations of various salts protect against x-rays in the following 
order: NaNOo, NaNOs, (NH,4)2SO,4, CaCle, NaCl, MgSO,. On the other hand, 
the above salts protect T1 against thermal effects in practically the reverse 
order. They conclude that radiation protection is brought about by these 
salts effectively isolating phage from radicals produced upon irradiation and 
thereby protecting virus DNA. It is suggested that these give heat protection 
by forming complexes with DNA, thereby stabilizing phage against de- 
naturation. 

The ability of sodium nitrite to protect various biological systems against 
x-rays has been attributed to several mechanisms, one of which, enhance- 
ment of the ability of catalase to decompose hydrogen peroxide, has been 
investigated by Bachofer (11) with bacteriophage T1. Irradiations were 
carried out in the presence of catalase, of sodium nitrite, and of the two com- 
bined; both are effective protectors. Sodium nitrite enhances neither the 
protective ability of catalase nor the ability of catalase to decompose hydro- 
gen peroxide; nitrite probably acts as a reducing agent. 

A report of chemical protection against the direct effects of x-irradiation 
is made by Ginoza & Norman (66). They find that glutathione added before 
drying or freezing tobacco mosaic virus gives twofold protection. They feel 
that in this supposedly water-free system there should be little indirect effect. 
A similar type of protection has been found by Moutschen & Bacq (115) in 
barley seeds soaked in solutions of glutathione before drying and subsequent 
x-irradiation; diminution in seedling height was used as the criterion of 
radiation damage. It would be worthwhile to test the effectiveness of gluta- 
thione in the dry state in the absence of oxygen, as the effectiveness of many 
protective chemicals seems to be greatly diminished under anoxic conditions. 
For example, Howard-Flanders & Alper (78) find that cystamine (0.004 M) 
gives no protection to bacteria irradiated under anoxic conditions. Mena- 
dione diphosphate (Synkavite; tetrasodium dimethyl 1,4-naphthohydro- 
quine diphosphate) gave no protection under aerobic or anaerobic conditions. 
Bora (22) also reports that menadione diphosphate at 3X 10~*M concentra- 
tion does not affect the frequency of chromosomal aberrations in Vicia faba 
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caused by x-irradiation; menadione diphosphate alone does not produce 
breaks in this material. 

The effectiveness of various chemicals in reducing the frequency of 
chromosome interchanges, deletions, and anaphase bridges in onion root tips 
has been studied by Riley (156). The order of effectiveness of the various 
chemicals depends on the endpoint used; the author believes that factors 
other than the amount of oxygen present at time of irradiation may be 
operative in bringing about the differences in protective ability. 

Fairbanks (57, 58) has found that E. coli protected with aminoethyl 
thiosouronium bromide hydrobromide (AET) before massive irradiation and 
subsequent lyophilization has magnetic resonance patterns different from 
those of cells not so protected. It is postulated that free radicals react with 
the protective agent. 

Reid (155) has suggested that radiation damage may be less severe in 
anesthetized tissue because of the possibility that molecules of an anesthetic 
may act as traps for energy absorbed in tissue and may thus compete with 
the biologically important groups which normally receive this energy. 

Steffensen (179) has extended his original studies on the influence of 
calcium on spontaneous chromosome aberrations by examining the combined 
action of x-irradiation and cation imbalances on this effect in Tradescantia 
microspores from plants grown under various conditions. Chromosome aber- 
rations induced by irradiation were not increased over control values in cul- 
tures with excess manganese, deficient iron, or deficient magnesium concen- 
trations. Those plants grown on suboptimal calcium, however, showed a 
significant increase in the occurrence of interchanges and interstitial dele- 
tions. These observations indicate that calcium is required for the stability 
of the chromosomes. Steffensen suggests that calcium forms chelate bonds 
with phosphate end-groups between different DNA species along the chromo- 
some. Nilan & Phillips (120) have obtained similar results with diploid 
barley seeds. The frequency of chromosome aberrations induced by x-rays 
is higher in calcium-deficient seeds. However, when irradiation was with 
thermal neutrons, there was no calcium effect on frequency of chromosome 
aberrations. These authors support Steffensen’s hypothesis of the action of 
calcium and attribute the difference in the effectiveness of x-rays and thermal 
neutrons to LET. 

Hollaender (76) cites work by himself and Girolami in which they have 
been able to protect significantly against x-ray induced mutations in E. coli 
by use of cysteamine. Other papers on chemical protection are (17, 21, 42, 
65, 89, 90, 101, 127). 


C. POSTIRRADIATION PHYSICAL FACTORS 


1. Visible light—A number of studies have appeared which deal with 
the photoreactivation of a variety of biological effects modified by ultra- 
violet radiations. Among these are: RNA and DNA synthesis [Iverson & 
Giese (85)]; mutation rates [Altenburg & Altenburg (7)]; colony formation 
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[Deering & Setlow (46), Giese et al. (65), Northrop (123), Uecker & Pichl 
(139, 186)]; chromosome aberrations [Kirby-Smith & Craig (95)]. 

An interesting study on the ultraviolet inactivation and photoreactiva- 
tion of a virus MS, specific for B. megaterium, has been made by Friedman 
(63). This virus was irradiated both in the wet and dried states and assayed 
using three strains of the host bacterium. With hosts H1 and H2, the same 
survival is obtained with wet, photoreactivated virus and with dry, photo- 
reactivated or nonreactivated virus; the sensitivity of wet, nonphotoreac- 
tivated virus is about twice as great. However, with host H3, no reactivation 
is observed for either the wet or dried virus, the wet virus being about twice 
as sensitive as the dry virus. Thus, the virus photoreactivation properties 
depend not only on the water content of the virus but also on its host. 

The possession of certain cytochromes in Azotobacter is associated both 
with the ability of these cells to be photoreactivated and the sensitivity of 
their respiratory system to ultraviolet light [Goucher & Kocholaty (67)]. 

Zelle et al. (202) have studied the photoreactivation of both cellular in- 
activation and mutation to streptomycin independence in two strains of 
E. coli after irradiation with ultraviolet light of 2250 and 2650 A. The photo- 
reactivation of both strains following irradiation with 2650 A follows a simi- 
lar pattern, maximum photoreactivation being obtained after about 20 min. 
under the given experimental conditions. However, after 2250 A irradiation, 
one of the strains shows little photoreactivation and indeed shows a sensi- 
tization to the visible light after a 30-min. exposure. These differences in 
ultraviolet response and photoreactivation in different strains of the same 
organism are indicative of the complexity of these processes. 

Several factors of importance in photoreactivation have been studied with 
yeast by Giese et al. (65). Irradiated yeast recovers to a considerable extent 
in the dark if storage is at 28°C., but there is little recovery at 5°C. The 
ability of a yeast suspension treated with ultraviolet light to be photoreacti- 
vated declines much more rapidly if stored at 28° than at 5°C. Photo- 
reactivation occurs equally well under aerobic and anaerobic conditions. 

An interesting photoreactivation phenomenon has been observed in 
ultraviolet-induced recessive, lethal mutations in dechlorinated Drosophila 
eggs [Altenburg & Altenburg (7)]. Photoreactivating light, applied for 3.5 
min. immediately following a 3.5-min. dose of ultraviolet light, lowered the 
mutation rate from about 6 to about 1 per cent. Photoreactivation for 10 
min. gives complete recovery. However, if photoreactivation is simultane- 
ously applied during ultraviolet treatment, the induced rate is about 5 per 
cent, indicating little recovery under this condition. Ten minutes of ultra- 
violet irradiation give a 3 per cent mutation rate which was increased to 10 
per cent by 10-min. postreatment with “photoreactivating”’ light. 

Kirby-Smith & Craig have observed no photoreactivation of ultraviolet- 
induced chromosome damage in dry pollen of Tradescantia (95). 

2. Oxygen.—There are several recent reports on the influence of oxygen 
after irradiation on the overall radiation response. Pronuclear fusion in 
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Ascaris eggs is susceptible to x-irradiation damage as evidenced by a delay 
in the fusion process; a partial recovery can be brought about by anaerobic 
treatment following irradiation [Bachofer (12)]. Such recovery processes 
may be attributed to a retardation of aerobic events which lead to a mani- 
festation of radiation damage with no concomitant decrease in anaerobic 
events which may aid in a reversal of radiation damage. 

Caldecott and his co-workers (31, 32, 33) have investigated the modi- 
fication of radiation-induced injury by post-treatment with oxygen. Barley 
seeds that contained either 4 or 16 per cent water in the embryo were 
x-irradiated and then hydrated in the presence or absence of oxygen for 
various times. Seedling height after six days was the effect scored. Seeds 
with 4 per cent water showed striking sensitivity to hydration in the presence 
of oxygen; seeds with 16 per cent water showed no difference in sensitivity. 
Seeds with either water content showed no postirradiation hydration effect 
after fast- or thermal-neutron irradiation. The lack of an effect following 
neutron irradiation is postulated as resulting from their high LET which 
gives dense clusters of energy, thereby irreversibly inactivating a sensitive 
region. With radiations of lower LET, damage may be reversible; if oxygen 
is available to react with partially damaged sites before restoration occurs, 
a biologically detectable event occurs. These authors speculate that in the 
seeds with 16 per cent water, aerobic metabolic processes are occurring at 
such a rapid pace that an aerobic condition is created in those sites affected 
by irradiation (i.e., the nucleus) and hence, no postirradiation oxygen effect 
can be observed. However, with cells of 4 per cent water content, post- 
irradiation exposure to oxygen results in irreversible, detrimental effects. 

3. Temperature-—Again, the year’s work has brought forth a varied 
picture as regards the influence of low temperatures following radiation ex- 
posure. Freezing dry barley seeds after irradiation inhibits their deterioration 
while in the frozen state, but on warming to 23°C., deterioration proceeds 
as in freshly exposed seeds [Konzak et al. (99)]. Donnellon & Morowitz (50) 
find no difference in the survival of irradiated spores of B. subtilis when 
incubated immediately after exposure or when incubated following an 8-hr. 
detention at 5°C. On the other hand, Ehrenberg & Lundquist (55) found 
that germination of irradiated barley seeds at lower temperatures increased 
radiation damage as measured by frequency of chromosomal aberrations 
and by degree of growth inhibition. With Chlamydomonas Jacobson (86, 87) 
has found, by the use of fractionation techniques with x-rays, that recovery 
processes between radiation fractions function better at 25° than at 10°C. 
He thus associates metabolic processes with the recovery phenomenon. Pahl 
& Bachofer (134) find that Ascaris eggs show better survival following 
28,000 r of x-rays if incubation is at 30° rather than 20° or 15°C. 

Buzzell (28) has studied the thermal reactivation of E. coli B inactivated 
by ultraviolet irradiation. Incubation in liquid broth agar at 46.5°C. (there 
is apparently no multiplication at this temperature) for times of the order of 
a few hours is effective in restoring colony-forming ability to approximately 
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90 per cent of those that are capable of being restored. The kinetics of this 
restoration process depend on the previously administered ultraviolet dose; 
from these kinetics, Buzzell estimates that six sensitive sites for ultraviolet 
irradiation exist per bacterium. The ultraviolet sensitivity of the bacterium 
decreases as it approaches the resting state, possibly because of a decrease 
in the number of the sensitive sites. She believes that the primary ultraviolet 
action is to transform cell metabolites into poisons: a bacterium survives 
under conditions which inhibit growth and which allow such poisons to dif- 
fuse away before acting on a sensitive site. Other temperature studies (12, 21, 
51, 65, 99) are discussed elsewhere. 

4. Chemicals.—Recently Hurwitz, Rosano, & Blattberg (79) have failed 
to find reactivation by metabolites in E. coli inactivated by heat or chemicals 
as earlier reported by Heinmets, Taylor & Lehman (73). The former authors 
have shown, using statistical studies and millipore filters, that the ‘‘reactiva- 
tion’’ reported by Heinmets, Taylor and Lehman is caused by multiplication 
of the unkilled bacteria during the incubation period. Thus there is consider- 
able reason to question the report by Heinmets et al. (72) on the metabolic 
reactivation of ultraviolet inactivated bacteria, since their techniques in the 
two studies were similar. Furthermore, the fact that no reactivation was 
observed by Heinmets et al. when metabolites were added to solid plating 
medium casts doubts on their interpretations. 

Kanazir, Kaéanski & Krajinéanié (88) have reported that Salmonella 
typhimurium, in which cell survival is reduced to one-third by ultraviolet 
irradiation, may be chemically reactivated to approximately 90 per cent 
survival by the addition of an extract made from unirradiated cells. ‘‘Fac- 
tors’’ present in the extract restore the synthesis of genetically ‘‘good’’ DNA 
in irradiated cells. Beéarevié (16) finds that in ultraviolet irradiated yeast 
the synthesis of catalase is partly suppressed; this synthesis can be restored 
by the addition of yeast extract immediately after irradiation. Restoration 
of catalase synthesis does not set in before an incubation period of about two 
hours. During this period, there is a restoration of RNA synthesis in the 
treated, irradiated cells. 

Division delay in Chilomonas paramecium is found by Ducoff (51) to be 
a function of dose (x-rays). Both generation time and recovery time from the 
radiation-induced division delay are similarly affected by incubation temper- 
ature and by organic growth media. No recovery occurred in the absence of 
a utilizable nitrogen source. Ducoff believes that recovery from radiation- 
induced division block is an active metabolic process, involving nitrogenous 
intermediates. 

The number of x-ray-induced, recessive, lethal, and deleterious mutations 
in Paramecium aurelia can be reduced by one-quarter by post irradiation 
exposure to streptomycin for 3 to 4 hr. [Kimball, Gaither & Wilson (93, 94)]. 
This effect is found only in animals irradiated in the first third of the inter- 
divisional interval and then only when streptomycin is added within one 
hour of irradiation. It is believed that at least part of the mutational process 
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is not completed until late interphase, perhaps at the time of chromosome 
replication; until the process is completed it is subject to spontaneous 
reversal. 

Betz & Booz (20) have observed that the rate of nuclear pycnosis of rat 
thymus cells irradiated with 300 r of x-rays in vitro is decreased approxi- 
mately 50 per cent by 0.5 per cent cysteamine or cystamine; there is no pro- 
tection of cells irradiated in vivo with 10 gm./100 gm.-rat of the above chemi- 
cals. From these experiments it is not clear if the lack of protection in the 
in vivo irradiations is caused by a low concentration of the protective chemi- 
cals. It is suggested that the in vitro protection of thymic cells may be 
attributable to the action of the protective chemicals after the irradiation, 
and not during the radiation treatment. 

It has been shown that dry seeds of Vicia faba after being exposed to 
3000 r of x-rays show a 50 per cent decrease in rate of mitosis when added 
to nutrient bouillon. However, if the bouillon is fortified with either cysteine 
or cysteamine, there is no diminution in the rate of mitosis [Krahe, Kiinkel 
& Schmermund (101)]. However, additions of glutathione, cysteine, and 
homocysteine to irradiated DNAase solution fail to reactivate the enzyme 
[Okada (127)]. 

Tanada (182) has studied the absorption of rubidium by excised mung 
bean roots following ultraviolet irradiation; ultraviolet treatment is detri- 
mental to rubidium absorption. Cysteamine, cysteine, and glutathione were 
found to reduce the loss in absorption in ultraviolet-treated material when 
added after irradiation; no photoreactivation of rubidium absorption was 
found. 


D. BIOLOGICAL FACTORS 


1. Ploidy.—The use of target theory to obtain information on cells of 
unknown ploidy is discussed in Section V. C. (189, 201). A single Tradescantis 
paludosa flower bud which contained a mixed population of haploid and 
diploid microspores was irradiated with 500 r of x-rays while the cells were 
in postmeiotic interphase; examination was at the microscopore mitotic 
division [Conger & Johnston (40)]. Diploid cells were found to have almost 
exactly twice as many aberrations as the haploids, i.e., the aberration fre- 
quency per chromosome was the same in haploid and diploid cells. They 
conclude from this observation that the space over which chromosome 
breaks can interact to produce an exchange is very limited. Swaminathan & 
Natarajan (181) have questioned this conclusion. Using haploid, tetraploid, 
and hexaploid species of wheat, they find that although x-rays and P® 
B-rays give a fixed number of chromosome breaks per unit length of chromo- 
some in the three ploidies, fast neutrons give approximately 10 times as 
many breaks in the hexaploid species as in the diploid or the tetraploid. 
They conclude that the frequency of interaction of chromosome breaks de- 
pends on both ploidy and LET. 

Owen & Mortimer (133) have continued the very interesting work with 
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yeast concerned with the influence of ploidy on radiosensitivity. By mating 
x-irradiated haploid or diploid cells with unirradiated haploids of opposite 
mating types and observing the viability of the zygotes as revealed by cell 
multiplication, the frequency of dominant lethals induced in the irradiated 
haploid and diploid cells has been determined. Although diploid cells are less 
sensitive to x-irradiation than haploids, the frequency of dominant lethals 
induced in diploids is considerably greater than in haploids. There is a DRF 
of approximately two between the haploid and diloid dominant lethal 
curves, suggesting that the amount of dominant lethal damage depends on 
the product of ploidy and dose. 

Clark & Webb (36) have found that cultures made from cells of Nocardia 
corallina which have survived 18 kr of x-rays are more sensitive to subse- 
quent x-irradiation than the parent cells; maximum sensitivity was obtained 
after four successive irradiations of survivors, after which radiation response 
became more resistant. The initial sensitization conforms with the unpaired- 
defect theory of Tobias (184) which is applicable to diploid cells; the sub- 
sequent increasing resistance may be due to the selection of normally oc- 
curring resistant coccoidal cells initially present in a small per cent of the 
original population. 

Clark (35) has discussed the influence of ploidy on the radiosensitivity 
of Habrobracon at various stages of development. There is no simple cor- 
relation between ploidy and radiosensitivity throughout the life cycle. Clark 
speculates that changes in radiosensitivity may come about as a result of a 
balance between dominant and recessive lethals that varies with stage 
development. 

2. Division state—By means of a microbeam apparatus, Davis, Simon- 
Reuss & Smith (45) have irradiated chick fibroblasts with polonium a- 
particles. The sensitivity of a cell increases by a factor of ten from prophase 
to metaphase; this sensitivity seems to increase with the state of condensa- 
tion of the chromosomes. 

Spermatogonia counts in irradiated male mice given 5 to 100 r of Co® 
-rays indicate that late type A, intermediate, and early type B spermato- 
gonia are equally sensitive [Oakberg (124)]. Scoring of all type A spermato- 
gonia indicates they are more resistant to higher doses (30 to 100 r). 

Two papers should be mentioned that deal with radiosensitivity of 
Drosophilia sperm at various stages of development. Alexander (1) finds 
more radiation damage (as revealed by the induction of dominant lethals) 
in young spermatids than in more mature cells. Oster (132) suggests that 
the high sensitivity of spermatids may be caused by more intra- or inter- 
cellular oxygen, or both, being present. Clark (35) finds that in Habrobracon, 
diploids (female) are more sensitive to irradiation than haploids (male ) in the 
cleavage stage; however, during the larva and pupa stages, haploids are more 
sensitive than diploids. This change in haploid-diploid sensitivity can be 
explained if one assumes that in the cleavage stage most radiation damage is 
of a dominant nature, and in the larva and pupa stages, of a recessive nature. 
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By the study of cultures of Bacillus cereus during the course of sportula- 
tion, Romig & Wyss have found that the increased level of resistance ex- 
hibited by the spores to the lethal effects of ultraviolet light develops as 
much as two hours before heat resistance is manifested (158). The ultra- 
violet resistance of the developing spores was correlated with the appearance 
of the forespore, whereas heat resistance is delayed until development of the 
mature spore. In the process of spore formation, susceptibility to photo- 
reactivation and to the lethal effect of low doses of ultraviolet are lost at 
about the same time. 

Yeast cells in the logarithmic growth phase are much less sensitive to 
ultraviolet radiation (loss of colony-forming ability) than those past this 
phase [Giese et al. (65)]. Nitrogen starvation increases ultraviolet sensitivity 
more than glucose starvation alone. Ultraviolet resistance in carbohydrate- 
starved yeast is decreased by supplying glucose; nitrogen-starved yeast be- 
comes much more resistant when supplied with yeast extract although in- 
organic nitrogen has no effect. Cyanide also has no effect on ultraviolet in- 
jury [see also (51, 71, 84, 85, 87, 94, 111, 152)]. 

3. Metabolic state-—It is now generally recognized that there is no abso- 
lute measure of radiation damage in a biological system; the damage depends 
on many factors not necessarily connected with the primary radiation 
processes. Among the most important of those factors is the metabolic state 
of the system before, during, and after the radiation process. All recovery 
processes could probably be considered as affecting the metabolic state of 
the test system. 

The cleavage delay that is induced in Ascaris eggs by x-rays can be re- 
duced by either anaerobic treatment or KCN exposure following radiation 
[Bachofer (12); Pahl & Bachofer (134)]. Hydration in oxygen-free suspen- 
sions following x-irradiation of dormant barley seeds favors restitution of 
chromosome breaks [Caldecott & Curtis (31)]. Thus, in these studies re- 
covery is to be associated with an anaerobic metabolic process. 

Ducoff (51) has studied the recovery of Chilomonas paramecium from 
radiation-induced division block; this recovery requires an active metabolic 
process which involves nitrogenous intermediates. The same author finds 
that the division delay induced by ionizing radiation in Tetrahymena is not 
dependent on the synthesis of DNA or DNA-like material (52). Fractionated 
doses of x-rays are less effective than equal, single doses in the inactivation 
of Chlamydomonas reinhardi when the cells are stored at 30°C. between 
fractions; however when storage is at 0°C., there is no diminution by 
fractionation [Jacobson (86, 87)]. The model used by Jacobson in his discus- 
sion of these results is interesting in that it assumes a progressive sensitiza- 
tion of the irradiated material with increasing dose, i.e., a multihit process. 
In order for the recovery process associated with the fractionation to be 
operative, the cells must be in an active metabolizing state. Whether this 
recovery consists in the repair of chromosome breaks or in the reversal of 
some other incomplete radiation-induced process is not clear. (It would be 
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interesting to compare these results with another similar organism having 
exponential survival to determine if recovery is only possible in multihit 
processes. ) 

Fermenting and respiring strains of related haploid yeasts have been 
found to differ in their radiation response when irradiated under aerobic and 
anaerobic conditions, and in frozen and liquid suspensions [Wood & Taylor 
(197)]. The same general pattern was also obtained for a wild-type and a 
derived “‘petite’’ strain. It seems probable that the difference in radiation 
response is due to metabolic differences in these strains [see also (29, 60, 
158, 177)]. 


IV. SOME EFFECTS OF RADIATIONS 
A. CYTOLOGICAL EFFECTS 


A very convincing demonstration of the efficacy of free radicals in 
producing chromosome aberrations in barley has been given by Phillips 
(138). Dormant barley seeds were exposed to radicals produced by com- 
bining dilute solutions of hydrogen peroxide and ferric sulfate. The frequency 
of chromosome fragments in seeds treated in this manner is 15 or 20 times 
the frequency found in those treated with either peroxide or ferric sulfate 
alone. The ratio of chromosome-chromatid breaks was more typical of that 
induced by x-irradiation than by radiomimetic chemicals. 

Kirby-Smith & Craig (95) have made a significant contribution to the 
literature with their study on the induction of chromosome aberrations in 
dry pollen of Tradescantia by ultraviolet radiation. The aberrations scored 
were chromatid and isochromatid breaks, chromatid-chromatid exchanges, 
and chromosome fragmentation. No time-intensity relationship was found 
over the intensity range studied. Irradiation in air and nitrogen causes nc 
significant difference in the number of chromatid and isochromatid aberra- 
tions; from this it is inferred that ozone plays no role in these experiments. 
However, the percentage of incompletely fused isochromatid aberrations is 
greater for material irradiated in nitrogen than in air. There is no photo- 
recovery of ultraviolet-induced chromosome damage in the dry pollen. The 
action spectrum for chromosome breakage is in good agreement with nucleic 
acid absorption curves. The ratios of chromatid to isochromatid breaks to 
chromatid-chromatid interchanges are approximately 1:0.5:0.05 for ultra- 
violet of wavelength 2650 A; the comparable ratios for x-ray induced aber- 
rations are 1:3:1. Thus, it seems that the ends of chromosomes broken by 
ultraviolet do not rejoin to the same extent as those produced by ionizing 
radiation. This same conclusion regarding decreased reunion in chromosomes 
broken by ultraviolet radiations compared to x-irradiated ones has been 
reached by Steinitz-Sears & Sears (180). Wheat pollen was given ultraviolet 
and x-ray doses equal in their capacities to break chromosomes, and recipro- 
cal translocations and partial and whole chromosome deficiencies were scored. 

Kihlman (89) has studied the production of chromosome aberrations in 
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Vicia faba by several heavy metal complexing agents. KCN produces struc- 
tural chromosome changes in root tips; this effect increases with oxygen con- 
centration. Pretreatment with 2,4-dinitrophenol does not influence cyanide 
action. The effectiveness of 8-ethoxycaffeine is almost completely inhibited 
by cyanide. Sodium fluoride, potassium thiocyanide, carbon monoxide, and 
sodium azide were found to have no radiomimetic effects under the condi- 
tions used. Under anaerobic conditions the effects of cyanide and cupferron 
were qualitatively and quantitatively equal; however, there is no oxygen 
effect with cupferron. Cyanide completely inhibits action of catalase and 
peroxidase. Hydrogen peroxide, alone or with cyanide, is without radiomi- 
metic effect. From these studies it appears as if hydrogen peroxide is not 
involved in the production of chromosome aberrations by cyanide. Kihlman 
suggests that cyanide and other heavy metal complexing agents may pro- 
duce chromosome aberrations by reacting with iron or other heavy metals 
present in chromosomes. Kihlman, Merz & Swanson (90) have tested many 
of the above agents for sensitization of Vicia to x-rays: only cyanide and 
cupferron were effective. Cyanide in concentrations as low as 2X10-° M 
enhances x-ray effects, but only in the absence of oxygen. The distribution of 
breaks indicates that cyanide sensitizes for x-rays and not vice versa. These 
authors suggest that the oxygen effect, as far as chromosome breaks are con- 
cerned, may be due to a sensitization of the chromosomes caused by their 
bound iron being in an oxidized state. 

Davidson (42) has studied the production of point unions (interstitial 
and terminal unions) in Vicia faba by x-rays and 8-ethoxycaffeine. He con- 
cludes that, since point unions are produced by both of these agents, their 
modes of action are similar. Such interpretations must be made with caution, 
however, for the same end effects may be brought about by quite different 
intermediate processes. 

X-ray studies on the production of chromosome aberrations in wheat of 
various ages have led Nilan & Gunthardt (119) to suggest that the increased 
sensitivity found in older seeds may be caused by the accumulation of 
metabolic wastes such as putrescine and cadaverine. These are mutagenic 
and strong chelating agents which could act by forming complexes with 
calcium and magnesium ions that may be the bonding agents between DNA 
species (120, 179, 195). 

X-ray fractionation studies on seedling roots of Allium cepa indicate that 
there are two classes of broken ends of chromosomes (as judged by their 
average restitution times) induced by irradiation [Cohn (37)]. The frequency 
of chromosome exchanges at metaphase was determined for two doses of 
x-rays each of 800 r given in 30 sec., separated by time intervals of from 0 
to 15 hr. Within 15 min. a substantial fraction of the broken ends rejoin; 
some ends remain open for as long as four hours. Carbon monoxide prevents 
the restitution of both types of breaks, and the effect of carbon monoxide is 
light-reversible (38). Cohn interprets these results as evidence against the 
existence of ionic linkages (calcium and magnesium ions) in chromosomes 
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whose reunion, presumably, would not be retarded by carbon monoxide. He 
now feels that iron is somehow involved in the organization of chromosomes 
(private communication). 

Wolff & Luippold (195) had earlier reported experiments on seeds of 
Vicia faba that indicated that chromosome breaks induced by x-rays were 
of two classes: those having lifetimes of only about a minute and those per- 
sisting from one-half to two hours. This information was obtained by varying 
the dose rate. Experiments with ethylenediamine tetraacetic acid tetra- 
sodium salt (Versene), a chelating agent which would be expected to ‘‘tie- 
up” broken chromosome ends at the location of calcium or magnesium ions, 
show an increase in aberration yield. This increase is associated by these 
authors with a decrease in the restitution processes involving those breaks 
normally having a very short lifetime. Thus, an identification is made be- 
tween ionic bonds in the case of breaks having a short lifetime and covalent 
bonds for those having a longer lifetime. This latter type of break requires 
a source of energy for the biosynthesis of the bonds formed in closing. 

With dormant barley seed, Schooler, Nilan & Phillips (162) find no sig- 
nificant fractionation effect (intervals between fractions from 1/2 to 96 hr.). 
The biological effects scored were injury (seedling height and yield survival), 
frequency of seedling mutations, and frequency of chromosome aberrations. 
The dose rate was comparable to those used in other studies (37, 38, 195). 
If there are two classes of bonds, the first type (ionic, having short lifetimes) 
would not be detected with the fractionation schedule used and the second 
(covalent, requiring metabolic energy expenditures for restitution) might not 
be present in the dormant embryo system used here. 

Caldecott & Curtis (31) have dealt with the question of whether aerobic 
physiological activity is required for restitution or reunion in chromosome 
breaks in barley seeds. Seeds are inactivated in the dormant state and are 
added afterwards to oxygenated or oxygen-free water. In oxygenated ma- 
terial there is actually an increase in detectable radiation damage (inter- 
changes and other anomalies). Hydration in the absence of oxygen favors 
restitution of chromosome breaks. The major portion of the restitution oc- 
curs within 30 min. after seeds are subjected to hydration. These results in- 
dicate that the energy required for restitution of radiation-induced chromo- 
some breaks does not result from aerobic physiological activity. 

Conger & Johnston (40) have observed that x-irradiated haploid and 
diploid Tradescantia microspores have the same number of exchange aber- 
rations per chromosome. From this instance, they infer that if two chromo- 
some breaks are to exchange, they must be closer together than the average 
chromosome distance in the diploid cell. This observation has been confirmed 
by Swaminathan & Nataraj (181) in diploid, tetraploid, and hexaploid 
strains of wheat with x- and #-irradiations. However, with fast neutrons the 
hexaploid strain shows approximately 10 times the number of breaks per 
100 uw of chromosome length as the diploid or tetraploid strain. Thus in this 
system the aberration frequency is independent of the ploidy when LET is 
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low but is a function of both ploidy and LET when LET is greater than that 
for P® 8-radiation. Careful studies with a spectrum of LET’s and with 
various ploidies would allow estimates to be made of the interaction distance 
for exchange aberrations. 

There are many reasons for believing that the detrimental effects of 
ionizing radiations are primarily caused by damage to the genetic apparatus 
of the cell. Most of the work in cellular radiobiology today is motivated by the 
operational philosophy that radiation damage is nuclear; however, occasional 
investigations do not apparently fit into this convenient framework. Bacq 
et al. (15) find that anucleate fragments of the alga Acetabularia mediterranea 
are more sensitive to x-irradiation than are nucleate fragments. In whole 
cell irradiation, the cytoplasm most distant from the nucleus dies more 
quickly and in a higher percentage of cases than the region surrounding the 
nucleus. The comparative sensitivities of nucleate and anucleate cellular 
fragments to ultraviolet light have also been studied by Skreb & Errera (173) 
and by Errera & Vanderhaeghe (56). Nucleate fragments of Amoeba proteus 
are less injured by ultraviolet than are anucleate ones; starvation for 10 
days increases ultraviolet sensitivity of both nucleate and anucleate frag- 
ments (173); ultraviolet damage in both types of fragments can be partially 
reversed by visible light. The rate of glycogen utilization is also decreased 
by ultraviolet treatment. With Acetabularia mediterranea (56), the same 
picture exists, i.e., the cytoplasm appears to be more sensitive to ultraviolet 
light than the nucleus as demonstrated by a decreased survival and regenera- 
tion of the anucleate fragments as compared with nuclear ones. Irradiation 
of only the cytoplasm of a whole cell has the same effect as the irradiation 
of the whole cell. When only the shizoid (which contains the nucleus) is 
irradiated, there is less injury than when the whole cell or only the cytoplasm 
is irradiated. Irradiation of the shizoid only can even cause a precocious stim- 
ulation of growth and morphogenesis. Cytological examinations have demon- 
strated an immediate nuclear damage by ultraviolet, even though the 
nucleus was not within the irradiated area. 

On the other hand, Munro (116) has found cytoplasm to be relatively 
radioresistant. By means of tungsten micro-needles on which polonium is 
deposited, he has irradiated small regions of chick cells in tissue culture. 
Irradiation of the chromosomal region at metaphase produces sticky bridges 
at anaphase. When only parts of the cytoplasm and spindle are irradiated, 
no abnormalities are seen although the dose at a point 5 uw from the chromo- 
somes is up to 30 times that needed to produce sticky bridges when the 
chromosomes are treated. Other papers concerned with cytological effects 
are discussed elsewhere (18, 22, 23, 39, 55, 96, 152, 156, 194). 


B. Nucieic Acip SYNTHESIS AND GROWTH 


The early events of infection with strains U1 and U2 of tobacco mosaic 
virus and the nucleic acid isolated therefrom have been compared by Siegel, 
Ginoza & Wildman (172). Infective centers initiated by intact virus and 











CELLULAR RADIOBIOLOGY 369 


irradiated with ultraviolet light at different times after initiation of infection 
display an initial lag period during which no change in resistance to ultra- 
violet light occurs; this lag is 2.5 hr. for the U1 strain and 5 hr. for the U2 
strain. In contrast, infective centers caused by the nucleic acid isolated from 
these strains behave alike and display no lag before they begin to increase 
in ultraviolet resistance. The authors conclude that when infection is initi- 
ated by the intact virus, the nucleic acid of the virus must be freed from the 
protein component before infection is established and replication begins. 

Five criteria of ultraviolet damage have been used by Deering & Setlow 
(46) in their study on the effects of low doses of ultraviolet light on E. colt B. 
The ability of a cell to divide within three hours of irradiation (microscopic 
observations) is the most sensitive; the loss of colony formation ability is ap- 
proximately 10 times as resistant. On the other hand, at low doses there is 
no measurable loss in the rates of DNA synthesis, RNA synthesis, and total 
mass increase (protein synthesis). The action spectrum for division inhibition 
has a maximum at 2652 A. In these studies filament formation in the irradi- 
ated cells was microscopically observed; the DNA and RNA content of the 
filaments is the same, per unit mass of cells, as for the normally dividing 
cells. In another study with E. coli B, Iverson & Giese (85) find that 2540 A 
ultraviolet light stops both DNA and RNA synthesis immediately in out-of- 
log-phase cells, but stops only DNA synthesis immediately in log-phase cells. 
Thus they propose that there are at least two loci of action for ultraviolet 
that are effective in affecting RNA synthesis. They find that 2260 A radia- 
tion is ineffective in changing RNA or DNA synthesis but does affect cell 
viability. They postulate that the lethal action of 2260 A radiation is on a 
part of the cell not involved in nucleic acid synthesis. 

The restoration of the synthesis of DNA in ultraviolet-irradiated Salmon- 
ella by cellular extracts (88), and the restoration of the synthesis of catalase 
in ultraviolet-treated yeast by yeast extract (16) have been discussed in 
Section III. C. 4. 

Iverson & Giese (84) have been able to double the amount of DNA pres- 
ent in Tetrahymena pyriformis by heat treatment before ultraviolet irradia- 
tion. They find a greater resistance to ultraviolet in heat-treated cells, and 
they feel that this is correlated with the greater content of DNA. Thus the 
ultraviolet sensitivity is inversely proportional to the amount of DNA 
present. 

Continuous x-ray exposure of a steady-state population of diploid yeast 
(6 kr per generation) results in a 2.5-fold increase in generation time [Welch 
(188)]. However, as such a treatment also increases the average size of cells, 
the decrease in total growth rate must be less than 60 per cent. Yeast irradi- 
ated in the exponential phase of growth show a decrease in six hours of as 
much as 40 per cent in carbohydrate per unit of weight [Spoerl & Looney 
(178)]. Cell wall glucans showed the greatest decrease; cell mannans the 
least. RNA per unit of weight showed little change, and on a per cell basis 
increased markedly. Chilomonas paramecium exposed to 15 kr or less of x-rays 
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show no decrease in growth rate (number of cells) ; exposure to 30 kr decreases 
the growth rate by almost a factor of two [Ducoff (51)]. 

Perry (137) has studied changes in the ultraviolet absorption spectrum 
of new heart cells in tissue culture following irradiation with an ultraviolet 
microbeam. Small areas (50 yw? or less) of chromosomes and interphase 
nuclei show an appreciable decrease in the absorbance at the site of irradia- 
tion around the 260 my region when irradiated with ultraviolet radiation. 
Since in nuclear material, especially chromosomes, the extinction at 260 my 
is to a great extent attributable to the purine and pyrimidine bases of DNA, 
it is concluded that at the site of irradiation there is a decrease in the number 
of intact bases. Other papers of interest are (30, 47, 66, 69, 70, 71, 110, 
121, 122). 


C. MUTAGENIC EFFECTS 


Mortimer’s (133) very interesting and important work on the relative 
importance of dominant and recessive lethal inactivation in yeast by x-rays 
has been extended by considering the dominant lethality induced in diploid 
yeast (see Section III. D. 1). Mortimer (112) has also studied the x-ray in- 
duction of homozygosis in diploid yeast that was heterozygous at a number 
of different loci concerned with adenine synthesis. This induction (as evi- 
denced by variant colonies) increases linearly with dose and with distance 
of locus from its centromere. Mitotic crossing-over is responsible for the 
majority of the variant colonies. At doses which produce only a small degree 
of inactivation of these cells, it is estimated that a high percentage of the 
surviving cells experiences alteration of their genotype. 

Colonies grown from irradiated cultures of Chlamydomonas show a con- 
siderable variation in size [Wetherell & Krauss (189)]. This variability de- 
pends on the ploidy of the irradiated strain and on the growth media, the 
variation in colony size being increased for polyploid cultures and for plating 
on a complete medium. There is also increased survival on a complete 
medium, compared with a marginal medium, with the difference being 
quantitatively accounted for by the increased number of small colonies on 
the complete medium. It is believed that small colonies arise from cells in 
polyploid strain that have heterozygous radiation damage, the homologous 
chromosome partially compensating for the loss in its homologue. Sub- 
cultures grown from small colonies show that this characteristic is inherited. 

Four yeast cultures derived from an irregularly segregating ascus of 
Saccharomyces have been tested for x-ray sensitivity by Pittman & Pedigo 
(141). All cultures show exponential survival characteristic of haploid strains; 
however, one strain was approximately twice as resistant as the other three. 
The exact nature of the decreased sensitivity of the one strain is not known. 

When E. coli B is incubated for a short period before exposure to ultra- 
violet light, in a minimal medium supplemented by yeast extract, by a com- 
bination of purines and pyrimidines, by riboflavin, or by p-aminobenzoic 
acid, both the frequency of mutation (aberrant color response on eosin- 
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methylene blue agar) per unit dose and the maximum mutation frequency 
are found to increase considerably [Haas & Doudney (71)]. The purine- 
pyrimidine influence has been studied by the use of synchronized cultures; 
maximum increase in frequency is obtained during periods of maximum 
nucleic acid synthesis, little or no increase being observed following the first 
nuclear division. The increased mutation frequency obtained by incubation 
in the presence of purines and pyrimidines bears no relation to the nucleic 
acid content of the cell, but more likely is related to the presence of nucleic 
acid precursors which have been modified by irradiation. This incorporation 
is dependent on the synthesis of protein immediately following radiation 
exposure. Haas and Doudney believe it probable that the radiation percursor 
interaction is at least at the stage of ribosides, and it is possible that ribotides 
are involved which may have to be associated with the nucleic acid template 
in the final stage of nucleic acid synthesis for maximum mutagenic effect. 

Induced mutation rates in males hatching from dechorionated and ultra- 
violet-irradiated Drosophila eggs have been studied by Altenburg & Alten- 
burg (6). The increase in mutation rate from 1.1 per cent at the lowest dose 
to 4.7 per cent at twice that dose is sufficiently large to indicate that the rate 
of mutations may rise as the square of the dose, or at least at a higher than 
linear rate. Further increase in dose failed to produce a significant increase 
in the mutation rate. 

A comparative study has been made by Konzak & Singleton (98) of 
the phenotypic changes in maize endosperm tissue produced by irradiation 
of pollen with thermal neutrons, x-rays, y-rays and ultraviolet radiation to 
determine whether the spectra of mutation produced by these various 
radiations would be similar. Genetic testers on different chromosomes were 
used. If it is assumed that the phenotypic changes observed were due to 
chromosome breaks, the quantitative variation in response to the various 
radiations indicates that different chromosome regions were affected dif- 
ferently by the four radiations. The authors feel, however, that the similari- 
ties in breakage patterns are perhaps more significant than the differences. 
[See also (1, 7, 35, 36, 93, 94, 96, 169).] 


D. BIOCHEMICAL EFFECTS 


An extensive review of biochemical effects of ionizing radiations has 
recently been prepared by Holmes (77). 

An interesting report on the inheritance of radiation damage in yeast has 
been given by Galtsova (64). The first generation of survivors of Saccharo- 
myces ludwigit to 60 kr of x-rays shows an approximate increase of two in the 
number of free sulfhydryl groups when compared with unirradiated controls. 
The progeny of these irradiated cells show this effect, in a degree, to the 
one hundredth cell generation. A simple “‘dilution’’ of the initial radiation 
damage could hardly account for detectable damage beyond 10 generations; 
this phenomenon could then only be accounted for by a change in the repro- 
duction processes. 
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Yost & Robson (200) have concluded from a study of irradiated rat liver 
mitochondria that oxygen uptake may be a faulty criterion for estimating 
the health of an irradiated cell; 70 per cent of the phosphorylation mecha- 
nism of their system may be lost with no apparent effect on the oxygen up- 
take. Either the phosphorylation mechanism is much more sensitive to 
y-irradiation than is the cytochrome oxidase, or there is a protective mech- 
anism specific for the electron transport system. Rajewsky, Gerber & Pauly 
(153), from a study of this same system, conclude that the inactivation 
processes are largely due to indirect action. 

Laser & Thornley (102) have found that x-irradiation of E. coli B en- 
hances its ability to oxidize maltose under certain conditions; they attribute 
this to induced enzyme formation. 


E. MISCELLANEOUS EFFECTS 


1. Paramagnetic resonance.—Paramagnetic resonance techniques are now 
at the point where changes in spectra after large doses of ionizing radiations 
are suggestive of suspected molecular changes. If the sensitivity of these or 
similar techniques can be improved by one or tw» orders of magnitude, real 
progress will be made in understanding something of the events occurring 
between radiation absorption in biological materials and the observable end 
effects. 

Zimmer, Ehrenberg & Ehrenberg (203) have detected spectral changes 
similar to those shown by free organic radicals when glycine and barley 
embryos are x-irradiated. These effects may be detected at doses as low as 
25 kr. Glycine shows no oxygen dependence as measured by paramagnetic 
resonance studies; however, with barley, irradiation in the presence of air 
is 1.3 times as effective as irradiation with nitrogen. The half life for the 
decay of the amplitude of this effect in barley is about 25 hr. Box, Freund & 
Hoffman (24) have studied radical formation by x-rays in some 80 organic 
compounds in powdered form. In most cases the paramagnetism persists for 
periods of months. In some powders the number of such stabilized radicals 
is of the same order of magnitude as the number of ionizations produced by 
the radiation. Fairbanks (57, 58) has found qualitative differences in the 
shape of the resonance curves for x-irradiated E. colt when irradiated with 
and without AET, a protective material. A review of nuclear and electron 
paramagnetic resonance and their applications to biology has been prepared 
by Sogo & Tolbert (175). 

2. Viscosity.—Nucleic acid extracted from x-irradiated tobacco mosaic 
virus is found to have a lower intrinsic viscosity than that isolated from non- 
irradiated virus [Lauffer, Trkula & Buzzell (104)]. This change in viscosity 
is to be associated with a lower average particle length in irradiated nucleic 
acid and this data indicates that x-rays break nucleic acid rods. To get a 
change in viscosity corresponding to an average of one break per nucleic 
acid particle, a dose eight times that required to give an average of one 
radiation event per particle is required. The authors believe that this dis- 
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crepancy indicates that the structure of RNA may be a coil of several strands; 
an average radiation event might cause loss of ability to reproduce but only 
the exceptional event (one of eight) would cause a breakage of the multi- 
strand particle. On the other hand, Buzzell, Trkula & Lauffer (30) find that, 
with ultraviolet, 30 times the inactivating dose is required to give a change 
in intrinsic viscosity corresponding to one break per nucleic acid particle. 
McLaren & Takahashi (110) find also that extracted nucleic acid is inacti- 
vated by ultraviolet without change in viscosity. The extracted nucleic acid 
has a higher ultraviolet sensitivity than the virus itself, the naked RNA 
being about six times as sensitive as the incorporated RNA. They speculate 
that virus protein may prevent excited nucleic acid from undergoing reaction 
with the solvent, from unfolding, or from irreversible breakage or disassocia- 
tion of radicals by a caging action. They feel that the inactivation step with 
ultraviolet must be rather local on the RNA chain and does not involve 
chain breakage. 

3. Permeability.—Potassium retentivity of yeast after irradiation with 
x-rays, 2537 A ultraviolet, and the near ultraviolet has been examined by 
Bruce (26). With x-rays, under aerobic conditions, both the loss of potassium 
retentivity and cell survival (as revealed by colony formation) are exponen- 
tial with respect to the dose, cell survival being about four times as sensitive. 
Under anaerobic conditions, cell survival is again exponential and about 
twice as resistant as under aerobic conditions, but potassium retentivity 
decreases only slightly up to doses of 160 kr at which point the slope ap- 
proximates that of aerobic conditions. Thus, for cell survival and for ability 
to retain potassium, two different types of inactivation sites are involved. 
Furthermore, those sites involved in potassium retentivity are apparently 
much more sensitive to x-radiation in the presence of oxygen or to free 
radicals which are produced in the presence of oxygen. With 2537 A ultra- 
violet a sharp decrease in survival is found, whereas the retention of potas- 
sium is decreased relatively slowly. At 3400 to 4000 A both processes are 
affected approximately to the same extent; in this region, the membrane 
effect may be the determining factor in survival. The release of cellular con- 
stituents after x-irradiation of E. coli B/r has been studied by Billen (21) 
who finds that nucleic acid fragments primarily constitute the 260 my ab- 
sorbing material released by such cells. Such release, however, is inhibited 
by various factors (absence of exogenous metabolite, presence of arsenate, 
low temperature of incubation) which indicate a marked dependence on 
metabolic activity. Ultraviolet has a similar effect. 

4. Sensitization to and by other agents.—Additivity studies with radia- 
tions and high temperatures are often useful in that they suggest whether 
similar or different inactivation mechanisms are involved in the two proc- 
esses. A study of the loss of serological activity of ovalbumin irradiated with 
y-rays while in the lyophilized state has led Fricke, Leone & Landmann 
(61, 62) to comment that the irradiated system behaves essentially as a 
mixture of protein molecules which have either completely retained or 
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completely lost their original serological activity. They suggest that the 
underlying mechanism involves structural degradation rather than localized 
chemical changes in the protein molecule, for small chemical changes would 
not be expected to lead to a complete loss of serological activity. 

Using T1 bacteriophage as a test system, Pottinger & Bachofer (146) have 
compared the effectiveness of a series of inorganic salts in protecting against 
x-ray and against thermal denaturation. Protection against heat is afforded 
by 0.1 M solutions in the following order: MgSO, CaCle, (NH4)2SOx, NaCl, 
NaNO;, NaNO. This order is practically reversed for x-ray protection. They 
speculate that these salts protect against x-rays by isolating phage from 
free radicals (perhaps by a type of dehydration); heat protection, by com- 
plexes formed between the salts and phage DNA, thereby stabilizing phage. 

Tobacco mosaic virus that survive x-ray doses sufficient to lower popula- 
tion survival to the 1 per cent level are no more sensitive to thermal inacti- 
vation than nonirradiated virus [Buzzell, Trkula & Lauffer (29)]. Since this 
virus has no “‘memory”’ of its previous x-ray treatment, it is inferred that 
x-ray inactivation is an all-or-none effect. 

Hirschfield et al. (74) have determined the sensitivity of ultraviolet- 
irradiated protozoa (Blepharisma undulans) to high pressure lysis following 
irradiation. After irradiation with either 6000 or 12,000 ergs/mm.? of ultra- 
violet of various wavelengths (230 to 365 my), cells were subjected to the 
minimum pressure that was sufficient to lyse 50 per cent of the cells. The 
critical lysis pressure of unirradiated cells was 10,000 psi; greater sensitivities 
were evident at 230, 280, and 265 my, the critical lysis pressures being 5000, 
6500, and 7000 psi, respectively. These relative sensitivities to pressure are 
interpreted on the basis of fairly specific ultraviolet effects on proteins 
(280 mu) and on nucleic acids (265 my), and of more general effects upon 
the cell cortex at 230 mu. 

The effectiveness of pre- and post-treatment with both infrared (820 to 
1300 my) and far-red (710 to 820 my) on x-ray induced chromatid aberra- 
tions has been examined by Withrow & Moh (194) with Tradescantia and 
Vicia. At a dose level of 150 r, pre- or post-treatment with infrared does 
not significantly affect aberrations. However, both pre- and post-treatments 
with far-red increase chromatid breaks and exchanges; there is no sensitizing 
effect on isochromatid breaks. Yost & Benneyan (199) have found that 
infrared radiation delivered for 24 hr. to female Drosophila does not modify 
the effect of ionizing radiations on the induction of crossing-over. From 
these results, it is concluded that chromosome breakage is an unlikely mecha- 
nism to explain induced crossing-over, and it is suggested that the effect is 
upon the coiling pattern of the chromosomes. 

5. Others.—An interesting technique has been developed by Korogodin 
(100) for estimating radiation damage in diploid yeast for low doses. He 
has found that the magnitude of the variance of colony diameter changes by 
a factor of nearly five, while survival changes by a factor of less than two. 
It is probable that this technique is useful only for a diploid organism as 
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there is considerably less variation in colonial size in haploid yeast than in 
diploid yeast (personal observations). The above phenomenon fits in nicely 
with Tobias’ model for unpaired defects in diploid organisms (184). A care- 
ful study has been carried out by Luzzio & Kereiakes (109), again using 
diploid yeast, on the uptake of some dozen often-used dyes by these cells 
after x-irradiation. There is no appreciable uptake of any of these dyes for 
radiation doses less than those inactivating at least 90 per cent of the popu- 
lation. Thus they caution that care should be taken in evaluating studies 
in which staining with vital dyes is used as a criterion of viability. 

It is well established that cells injured by irradiation to a point where 
continued cell division (usually scored by colony formation) is impossible 
may still divide several times. For example, Puck et al. (152) find that HeLa 
cells irradiated with minimum inactivation doses of x-rays divide for from 
four to five generations, synthesize some proteins, are susceptible to virus 
destruction, synthesize virus, and take up vital stains. Thus all of these 
functions are more resistant to x-irradiation than the ability to carry on 
continued division. Jacobson (87) also has noted that x-irradiated Chlamy- 
domonas that were incapable of forming colonies may divide several times. 

Respiratory deficient cells (‘‘petites’’) seldom occur (1/10,000) in tetra- 
ploid yeast; however, up to 30 per cent of the survivors in a population ex- 
posed to 3100 ergs/mm.? of ultraviolet radiation may be deficient [Pittman 
(140)]. This increase in the number of deficients is not a result of selection by 
the radiation, for the deficient cells are more sensitive to ultraviolet than are 
normals. Deficients do not revert to normals. The irreversible nature of this 
change and the relative ease of its induction are consistent with the hypothe- 
sis of cytoplasmic rather than genic damage. 

Astaldi & Verga (8) have found that human leucocytes kept at 37°C. 
after 1000 r of x-irradiation suffer a loss in their average glycogen content as 
a function of time. Irradiated neutrophiles suffer about a 50 per cent increase 
in loss of their glycogen, compared to controls, over an 18-hr. period; irradi- 
ated lymphocytes, a 90 per cent increase in loss. The mechanism of this effect 
is not clear. 

Norman & Field (122) find that in vitro DNA from E. coli can be modi- 
fied by a few hundred r of x-rays such that a detectable change occurs (elec- 
tric birefringence measurements). However, there is no detectable change 
following 10,000 r for in vivo irradiation [Norman & Rowen (121)]. Thus for 
the endpoint being assayed, DNA is much better protected in vivo than in 
vitro. These authors point out that in E. coli DNA must be virtually in the 
solid state. Norman and Field conclude from these studies that indirect 
effects are not important in causing radiobiological damage in cells. It should 
be mentioned that flow birefringence techniques detect primarily a difference 
in the length distributions of the irradiated system; this endpoint may have 
only limited usefulness in detecting radiation damage at a level which has 
biological significance. 

Acetylcholinesterase from electric eel organ is found to be at least eight 
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times more radiosensitive in dilute suspensions than in tissue [Serlin & 
Cotzias (164)]. Electric eel organ is a tissue of high water content (92 per 
cent); lyophilized tissue (6 to 7 per cent water) shows no increased resistance 
over that of normal tissue. Serlin and Cotzias believe that there is an associ- 
ation of the soluble enzyme with the interfacial surface of the organ pulp, thus 
resulting in resistance to indirect radiation effects. It is not certain that the 
degree of lyophilization (6 to 7 per cent water) in these studies is sufficient to 
guarantee that indirect effects are eliminated (see Section III.B.1). 


V. OTHER ASPECTS OF CELLULAR RADIOBIOLOGY 
A. INSTRUMENTATION 


Several important papers on microbeam apparatus have appeared dur- 
ing the year. Zirkle has summarized the biological results obtained by his 
group using both proton and ultraviolet microbeams and has discussed some 
of the design features of both types of instruments (204). Another micro- 
beam apparatus, not described previously in detail, is that of Davis & 
Smith (43) in which 5.25 Mev polonium alphas are collimated by copper 
discs pierced with holes of a few microns diameter. These holes are made by 
evaporating tin on copper discs (44). Munson (117) has described an instru- 
ment involving microcollimation and a flow tube which allows single bac- 
teria to be irradiated; no biological results are yet available. Alpha-particle 
irradiation of parts of single cells in chick tissue cultures has been carried out 
by Munro (116) by means of tungsten micro-needles on which polonium is 
deposited. 

Pohlit (142) has described a unit in which electrons of energies between 30 
and 150 Kev can be electrostatically focussed into a cone. A collimation of 
approximately 1X1 yu is claimed; no reports are yet available of any biologi- 
cal results obtained with this instrument. 

A small interference-filter monochromator system especially designed for 
the irradiation of biological material covering the range from 365 to 800 
my has been described by Withrow (193). This instrument has a resolution 
of about 10 my throughout the visible spectrum and can produce irradiances 
as high as 2000 p watts/cm.? 


B. MATHEMATICAL RADIOBIOLOGY 


Some calculations that will be of interest to those using the techniques 
of target theory to obtain information on sizes and shapes of biological entities 
have been given by Ore (131). For spherical and cylindrical geometries, the 
approximations normally used agree with the more accurate formulations 
given here to within a few per cent. Chapiro (34) has discussed and given a 
mathematical formulation of the interaction of free radical clusters; LET, 
intensity, and scavenger concentration are considered. Hutchinson’s (81) 
mathematical discussion of the indirect action model can be consulted with 
profit by those seriously interested in the foundations of radiobiology. 
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C. TARGET THEORY 


Excellent reviews on the use of classical target theory for the estimation 
of molecular weights and geometrical shapes are available [Pollard et al. 
(143, 144)]. 

There is one aspect of target theory to which the reviewer would like to 
direct attention, the use or rather misuse of the extrapolation method sug- 
gested by Atwood & Norman (9) to obtain “hit” or “target’’ numbers. 
For such numbers to have even mathematical significance two conditions 
must hold: (a) the tangent to the survival curve must be taken at a position 
on the curve at which there is no change in the slope, that is, where the 
survival of the residual population is exponential with respect to additional 
dose; and (b) the number that emerges from such an operation must be 
properly interpreted in terms of a model for radiation damage. With respect 
to the first condition, few experiments are taken to low enough survival 
levels to meet the above requirement; for example, with diploid yeast this 
condition is not met for survival levels above 10~*. With respect to the second 
condition, a model appropriate for the particular organism must be used; 
for example, with a diploid organism whose haploid analogue has exponential 
survival, the extrapolate (when properly obtained) is not the ploidy number, 
two, but two raised to the n*® power where m is the number of sensitive sites 
[see Tobias (184) for some of the proper models]. An operationally more signif- 
icant approach to obtaining target numbers is that outlined by Kimball 
(91) [see also (201)]. 

Alexander (3) has pointed out that the existence of energy transfer proc- 
esses within and between molecules in the solid state and the sensitization 
of dry materials (e.g., trypsin) by oxygen [also, protection of tobacco mosaic 
virus by glutathione (66)] make it impossible to adopt the purely statistical 
approach inherent in target theory for the calculation of meaningful geomet- 
rical volumes. These factors are most serious when the sensitive volume is 
relatively small as in the case of trypsin; for much larger structures such as 
viruses the values deduced from target theory should be more informative. 
Braams (25) also suggests that movement of radiation effect from site of 
ionization to sites important for inactivation influences target theory cal- 
culations considerably. 

Fluke (60) has estimated the target mass for xanthine oxidase by using 
the loss of three different enzymatic functions as a measure of radiation 
damage; the target mass is approximately one-half of the estimated molecu- 
lar weight, but it is still much larger than the estimated sizes of the reactive 
sites of enzyme activity. Guild & DeFilippes (47, 70), using cyclotron par- 
ticles, have studied dried pneumococcus transforming principle and state 
that 300,000 is the minimum molecular weight of a section of a DNA mole- 
cule that is required for transformation to streptomycin resistance in pneu- 
mococcus. Data obtained by Hutchinson, Morowitz & Kempner (82) indi- 
cate that the physical structures involved in amino acid incorporation in 
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E. coli have molecular weights between 1 and 10 million; if such units were 
spherical, their diameters would be 150 to 300 A. 

Dried tobacco mosaic virus has been found to have a sensitive target 
volume approximately one-twelfth that of the anhydrous virus volume; this 
target volume is approximately equal in size to the nucleic acid of the virus 
[Buzzell, Trkula & Lauffer (29)]. Data obtained by Setlow (165) indicate 
a requirement of two ionizations for the suppression of ability of T2 bacterial 
virus to kill EZ. coli B; a molecular weight of about 1.5 million is estimated for 
the involved viral unit. S13 bacteriophage is inactivated by decay of incor- 
porated radioactive atoms (P%?) at one-seventh the rate of death of T2 
although both viruses have the same x-ray sensitivity [Tessman, Tessman & 
Stent (183)]. If S13 is similar to T2 and other strains previously studied, 
only one of ten P*? disintegrations kills the phage particle, and S13 would 
then contain 3X10~’ gm. of nucleic acid per particle or have an associated 
molecular weight of 20 million. However, if $13 is intrinsically more radio- 
sensitive than other phages, a lower limit of 3X107'8 gm. of nucleic acid per 
S13 particle (a molecular weight of 2 million) is estimated, assuming every 
P32 disintegration is lethal. 

A very interesting use of target theory has been made by Preiss (150) in 
studying the position of invertase within yeast cells. Electrons of energies 
from 400 to 5000 ev were used to bombard dried yeast and the residual inver- 
tase activity was determined at each energy. From these experimental 
results and by assuming that the invertase is located in an ellipsoidal thin 
shell within the cell, Preiss finds that the experimental results are consistent 
with a location of the invertase in a shell 500 A within the yeast and 500 A 
thick. 

Zelle & Ogg (201) have used the model proposed by Tobias (184) to esti- 
mate the ploidy of a strain of E. coli from x-ray survival curves. The best 
fit of the theoretical curve to the experimental data gives a ploidy number 
of 2 and a sensitive site number between 12 and 18. These authors emphasize 
that such an analysis alone cannot supply critical proof of the ploidy of an 
unknown strain. It is refreshing to find a reluctance on their part to use the 
extrapolation method so often misused to estimate the so-called ‘‘target 
number.’’ Wetherell & Krauss (189), however, used the extrapolation meth- 
od of Atwood & Norman (9) to obtain ‘target numbers’’ for strains of 
Chlamydomonas of known and uncertain ploidies, with no conclusive results. 

Bernstein (19) has found that a phage of Salmonella typhi which has 
been inactivated by ultraviolet can be reactivated by multiple infection of a 
sensitive host. Analysis of the experimental data suggests that there are about 
four ultraviolet sensitive units in this phage. By a study of the thermal reac- 
tivation of ultraviolet inactivated E. coli B, Buzzell (28) has estimated that 
there are approximately six sensitive sites per bacterium and that damage to 
a single site results in inactivation. The early events of tobacco mosaic virus 
infection have been studied by Siegel & Wildman (171) by following the 
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ultraviolet sensitivity of infection as a function of time after inoculation. 
The survival of infection as a function of dose is exponential for approxi- 
mately five hours, after which the appearance of new intracellular infectious 
particles is indicated by a change to a multitarget type survival curve. 

Rogers & Von Borstel (157) have studied loss of hatchability upon a- 
irradiation of the acentrically located nucleus of Habrobracon eggs. The 
diameter of the radiation-sensitive areas from target theory considerations 
is about 2.4 yu; the cytological nucleus is about 2.8 yu. 


D. RADIOMIMETICS 


A survey of the literature on radiomimetic agents has been made by 
Demmler (48). He concludes that the primary reactions of ionizing radia- 
tions and radiomimetic agents are generally different even though the second- 
ary effects may be the same (mutations, nuclear fragmentation, metabolic 
changes, chromosome aberations, etc.). 

The action of atomic hydrogen (produced in an electric arc) on crysteine 
results in a variety of reactions, the most important being the formation of 
hydrogen sulfide and cystine; there is no attack on the amino group [Littman, 
Carr & Brady (107)]. Similar results were obtained with glutathione. 

Several recent papers indicate that hydrogen peroxide per se is not nearly 
so injurious to biological materials as are free radicals that can be produced 
from hydrogen peroxide either by treatment with catalytic amounts of 
Cut or Fe** or by ultraviolet radiation. The frequency of chromosome frag- 
ments in dormant barley seeds is increased 15- to 20-fold by the simultane- 
ous exposure of this material to hydrogen peroxide and ferric sulfate over 
controls subjected to either hydrogen peroxide or ferric sulfate alone [Phillips 
(138)]. The pattern of chromosome aberrations produced in this fashion is 
much the same as that produced by x-rays. Enhanced effects are found and 
the same interpretation given by DeFillippes & Guild (47) with transforming 
principle, by Bachofer & Pottinger (14) with T1 bacteriophage, and by 
Okada (125) with DNA. 

Laskowski & Stein (103) have compared the action of ultraviolet irradia- 
tion and hydrogen peroxide exposure on two different yeast strains. One of 
these strains is more sensitive to ultraviolet radiation but is less sensitive 
to hydrogen peroxide exposure. This difference in response can be interpreted 
as indicating a difference in the modes of action of ultraviolet radiation and 
peroxide exposure. 

Luzzati & Chevallier (108) find the inactivation kinetics of EZ. coli B and 
B/r are different for ultraviolet radiation and peroxide exposure. 

By use of a streptomycin-dependent strain of E. coli, Fenn et al. (59) 
have found that the number of spontaneous mutants to the streptomycin- 
independent variety is increased 1.5 to 2.4 times by treatment for 16 hr. 
with 6 to 10 atm. of oxygen. Pressures of other gases do not give this effect. 
Both ultraviolet irradiation and lipide peroxides have been found by 
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Wilbur et al. (192) to be effective in inhibiting cleavage, reducing spindle 
size, and causing abnormal shape changes in fertilized eggs (Chaetopterus and 
sea urchin). Lipide peroxides are also found in irradiated eggs. They thus 
suggest that some of the effects of ultraviolet light could be brought about 
by organic peroxides formed by ultraviolet irradiation. 


E. DosrE ANOMALIES 


In general, one associates increased radiation doses with greater damage 
to the irradiated system. However, there have been many reports of stimu- 
lated growth, increased survival, and other processes normally associated 
with a nonpathological condition following radiation exposure; it is difficult 
to explain most of these reports and the listing of the following papers indi- 
cates the rather frequent occurrence of events which do not fit into our 
over-simplified picture of the pattern of events following radiation. 

Pyknotic counts in thymic cells from rats x-irradiated in vivo decrease 
as doses are increased from a few hundred roentgens to 20 kr [Trowell, 
Corp & Lush (185)]. Schrek has observed a similar effect in rabbit thymus 
cells (163); he finds that these cells can be killed with x-rays in two different 
ways. Up to 1000 r the dead cells become pyknotic in the ordinary way. 
After 10,000 r most cells undergo ‘‘delayed fixation” and eventually disappear 
by slow autolysis without going through a pyknotic stage. Internodal cells of 
Chara vulgaris L. show a progressive increase in elongation as they are ex- 
posed to x-ray doses from 50 to 600 kr, a fourfold increase being obtained 
|Moutschen (114)]. As the radiation dose is increased from 200 to 600 kr, 
the elongation decreases to the level characteristic of 50 kr. These cells never 
show mitotic activity and are of plasmoidal constitution. This absence of 
proportionality between dose and biological effect is believed to be attribut- 
able to enzyme liberation by x-rays. Moutschen & Bacq (115) have con- 
firmed that seedlings grown from barley seeds exposed to 400 kr are higher 
than those exposed to but 200 kr. Okada & Peachey (130) find that DN Aase 
II (rat liver) activity increases following Co® exposure (2 to 10105 r). 
Treatment of mitochondria with sonic vibration also elevates activity. 
These authors feel that the increased activity is caused by structural damage 
to the mitochondria. Such radiation damage is capable of explaining many 
of the stimulating effects reported as arising from irradiation. 


F. RADIOBIOLOGY OF MAMMALIAN CELLS 


The very exciting work by Puck and his group on the radiobiology of 
populations of mammalian cells gives promise of allowing an explanation of 
certain aspects of mammalian radiobiology in terms of cellular phenomena. 
This group has extended its work to both long-established and freshly iso- 
lated cultures of various tissues, and they find that in all cases these cells 
display 2-hit survival curves with LDg37 values from 75 to 175 r [Puck e al. 
(152)]. A considerable amount of evidence indicates that radiation damage 
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results from damage to the nucleus, but it is unlikely if such effects are at- 
tributable to simple, single gene mutations. The 2-hit property of the survival 
curves could be a result of inactivation caused by reactions between two dam- 
aged (“‘sticky’’) chromosomes. The entire work of this group has been 
reviewed by Puck (151). Radiation studies in HeLa cells are also reported by 
Pomerat, Kent & Logie (145) and by Montgomery, Bonner & Roberts (111). 

Bender (18) has studied the induction of chromosome aberrations by 
x-rays in normal, diploid human tissue culture; approximately 0.3 total 
breaks per cell per 100 r are reported. It is interesting to note that if such 
breaks lead to cellular inactivation, an LDg7 for such cells would be around 
300 r, a figure comparable to that obtained by Puck. Guild (69), from studies 
on the radiosensitivity of transforming principle, has concluded that biologi- 
cal effects of doses in the range 100 to 1000 r could result from primary 
damage to the cell’s genetic material. 
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INFORMATION THEORY IN RADIOBIOLOGY?’? 


By HENRY QUASTLER 
Department of Biology, Brookhaven National Laboratory, Upton, New York 


INTRODUCTION 


Biological effects of radiation are produced by small amounts of energy. 
This is possible because the early stages of radiation reactions occur in small 
regions of molecular or macromolecular dimensions (1). The problem is how 
such local effects are amplified into disturbances of entities which are many 
orders of magnitude larger. This is a problem of relating malfunction of a 
system to perturbations of its components. 

One aspect of this problem is that of relating the probability of system 
malfunction to some measure of component perturbation. Relations of this 
type constitute one of the major concerns of information theory. It is estab- 
lished that the probability of malfunction of a system can be stated in terms 
of three variables: the functional capabilities of the components in the pres- 
ence of a given kind and degree of disturbance, the way in which these 
capabilities are apportioned to external tasks and internal stabilization, and 
the number of components making up the system (2, 2a, 3, 4). The relation 
is, in general, of the form: 


« = A-2-", approximately, ‘. 


where 
e=probability of a malfunction per single task; 
A =a constant, depending on the nature of the components and the way in which they 
are utilized; 
=a measure of the fraction of the capabilities used for internal stabilization; 


N =the number of components. 


Relations of this type characterize many situations some of which are 
not unfamiliar to the radiobiologist, as will be shown later (Equation 2d). 

The concepts of information theory are not, as a rule, stated in such 
general terms. The customary applications deal with communications be- 
tween people. The systems considered are messages; malfunction is defined 
as an error, committed by the receiver of a message, as to the information 
it was supposed to convey. The probability of error is derived from an analy- 
sis of events occurring at the component level. The components of messages 
are the basic units of representation and conveyance of information, or 
symbols. Their functional values are called ‘‘information content’ and de- 
fined as the average amount which they can contribute to the representation 


' The survey of literature pertaining to this review was completed in March, 1958. 
2 Research carried out at Brookhaven National Laboratory under the auspices of 
the U. S. Atomic Energy Commission. 
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of information. Perturbations affecting discrete units are necessarily quantal, 
and consist in the replacement of one symbol by another. The perturbations 
caused by random disturbances (‘‘noise’’) are most serious because they are 
unpredictable in detail. Substitutions of some randomly scattered com- 
ponents lead to equivocation, upon reception of any particular signal, as to 
the nature of the symbol intended. This results in loss of (average) informa- 
tion per symbol. The information content of a symbol, minus the information 
lost due to noise, is a measure of the informational performance; the maxi- 
mum of this function is called channel capacity and measures the informa- 
tional capability per symbol in the presence of a given level of noise. More 
generally, it refers to the functional capabilities of components, the first of 
the factors in the relation between component perturbation and systems 
failure. 

On the component level we deal with equivocation, not necessarily with 
error. Error relates to the function of the whole message; equivocation may 
but does not always cause errors. A message can be protected, to a degree, 
against equivocation by proper organization. In order to recognize alterations 
of a symbol, there must be somewhere else in the message some indications 
as to what it ought to be. In other words, a stabilized message must contain 
a message about itself. This is ‘“‘redundant”’ information which must be im- 
plicitly contained in the information to be conveyed; yet it competes with 
the latter for the limited information capabilities of the components. This is 
the dilemma which forces some apportionment of the functional capacity of 
symbols between external task (information conveyed) and internal stabili- 
zation (protection against error arising from equivocation). Thus arises the 
second factor in the relation between systems failure and component 
perturbation. 

Information is an expensive commodity, and, therefore, redundant in- 
formation must be used efficiently. This can be done best if there are many 
components in the message, a situation which allows the establishment of 
many and varied interconnections. The third factor in the relation between 
systems malfunction and component perturbation is thereby explained. 

There does not exist, at this time, a general calculus by which one could 
find optimum uses of redundant information in every situation and compute 
the resulting error rates. It is established, however, that some very simple 
procedures will yield results which are not far from optimum, with ensuing 
error rates approximating Equation 1. In the parlance of communication 
theory, € is the probability of error per message, A is related to the channel 
capacity per symbol, 7 is a function of the difference between channel 
capacity minus information used for payload, and WN is the number of 
symbols. 

Information theory, in its present form, has arisen out of a desire to 
make optimum use of existing vehicles for communication between people. 
This background suggests that caution is advisable in extending the use of 
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information theory to fields far removed. Yet such generalization is by no 
means impossible (2, 5 to 12). The relation of ‘‘information” (in the technical 
sense) to conscious processes is incidental, not essential. The informational 
value of a process is completely determined by the degree of selection which 
it entails, and does not depend on the method used for selection nor on the 
motivation behind it (13). In this sense, selecting a particular key on the 
typewriter in making up this message compares quite closely to a microsomal 
particle selecting a particular amino acid in the course of synthesizing pro- 
tein. A person may feel that his selection is subject to free choice and based 
on insight, and he doubts whether the particle feels likewise; however, this 
difference is in his private domain, and does not affect the information value 
associated with the public result of the process. 

The concern about the normative aspect of much of information theory 
is less easily disposed of. It is very doubtful whether the more sophisticated 
coding procedures developed by mathematicians and engineers may ever 
serve as a model of biologic events. It was mentioned, however, that fairly 
good coding procedures can be produced with very modest effort; therefore, 
without asking too much from evolution, one may postulate that living things 
use redundant information in a reasonably efficient way, which is one form 
of Dancoff’s principle (14). It is all that is needed to extend to radiobiology 
the relation between component alteration and system failure stated in 
equation 1. 


INFORMATION THEORY OF RADIATION LETHALITY 


In terms of total information content.—It is intuitive that living things are 
highly ordered systems, that some order must be maintained if an organism 
is to survive, and that orderliness is reduced by normal wear and tear; this 
is the basis of the “entropic theory of aging’’ (15 to 18). Given that some of 
the critical aspects of orderliness are vested in molecular arrangements, and 
that radiation is very effective in disturbing molecular arrangements, it fol- 
lows that some radiation effects might be understood in terms of reduction 
of orderliness. This is the ‘information theory of radiation damage” which 
was first proposed by Yockey (19). 

In two places (18, 19) Yockey develops his informational analysis of death 
due to irradiation and normal aging. The total order implicit in the organiza- 
tion of an organism beginning life is equated to the total information content 
of some message; the gradual loss of orderliness, to increasing equivocation. 
A certain amount of equivocation is incompatible with survival. Thus, 
normal life expectancy will depend on the amount of information present at 
birth and on the rate at which it is lost; irradiation will be lethal if it destroys 
enough of the information present at that time to raise the equivocation 
beyond the critical level. 

Using the total amount of equivocation as an index of the condition of 
an organism implies that components are functionally interchangeable, at 
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least to some degree. This concept, for biologic systems, is plausible only if 
the components in question are numerous and independently subject to 
perturbation. Such a situation can be formulated in terms of a function 
familiar to the radiobiologist, namely, a multi-hit mechanism with a large 
number of “‘hits-to-kill’’ (20). This function approximates a step function. 
Therefore, a given amount of equivocation, if produced by a large number of 
independent events, will be reached in nearly constant time. But death 
occurs at different times, or after different doses of radiation, even in popu- 
lations which are as homogeneous as one can make them. This means that 
either the critical level of equivocation or the initial amount of information 
must be variable. Yockey adopts the latter alternative; he proves that a 
perfectly homogeneous system is unstable in the presence of perturbations, 
thus implying variations even in the closest approximations to homogeneous 
populations which one can obtain. One aspect of these variations will be a 
distribution of information contents, established in the zygote or at some 
very early stage of development. 

The model implies that the shapes of the age-mortality and the dose- 
mortality curves are functions of the original distribution of information 
contents. If this is so, then the analysis of this distribution is of greatest 
importance. Some common dose-survival curves can be related to a rectangu- 
lar initial distribution of information contents; but, this is not decisive 
evidence. Critical tests of the theory became possible if one adds another 
hypothesis favored by Yockey: that the perturbations due to irradiation, 
aging, and raised temperature are largely identical. In this case, the sur- 
vival curves for the three conditions can be derived from one another (18). 

In Yockey’s model, the probability of failure changes brusquely at a 
given value of equivocation. Although all-or-none phenomena are not un- 
common in biology, one has to consider the possibility of a gradual increase 
of the probability of failure with rising equivocation. This is an application 
of Sacher’s ‘‘stochastic theory of lethality’’ (21). Sacher’s theory is based on 
the concept of a physiologic space with as many dimensions as there are 
independent variables, with ‘lethal bounds’ enclosing all constellations of 
variables compatible with life, with aging represented by a steady approach 
to some region of the lethal bound, and with a stochastic element introduced 
by random fluctuations of any or all physiologic variables. To each constel- 
lation of physiologic variables and to each point on the lethal bound must 
correspond a certain value of equivocation, but whether this abstraction 
preserves enough character to be useful remains to be seen. At least, there 
exists a positive feedback between degree of disorder (or equivocation) and 
the amplitude of fluctuations (22). 

In terms of components.—The basic analysis of systems failure in terms of 
component perturbation (Equation 1) is easily extended to radiobiologic ap- 
plications. Consider a system with components subject to both spontaneous 
failure and inactivation by irradiation. Let there be N such components, and 
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the organization such that functioning of at least one component suffices for 
survival. Consider the period of acute disturbance following irradiation. Let 
p be the probability, for any component, that it will not fail spontaneously 
during this period, and Pp the probability that it will escape the acute effects 
of irradiation with a dose D. Under these conditions, the mortality rate up 
following dose D will be 


up = (1 — pPp)* 2. 
which, for small values of pPp goes over into 
up = €-PNPp, approximately. 2a. 
If the inactivation of components by radiation is a first order reaction, 
then 


Pp= e DIDo 


(where Do isa scale factor) and 
up = e-PNe DID», 2b. 


[For p=1, Equation 2 turns into the well-known multitarget formula (20). 
For small values of wu, the approximation used in Equation 2a is much better 
than the customary 


Survival rate = 1 — pp > Ne~P!P, 


Also, fitting the survival curve by sight involves a notorious danger of er- 
roneous extrapolation, which is less likely to happen with yp.] 

Suppose now that the first-order system discussed is itself a component 
of a second-order system organized in the same manner from N’ first-order 
systems. The mortality rate for the second-order system, up’, will be found 
by iteraticn of Equation 2: 

up’ = [(1 — pPp)*)*’ 2c. 
which, for most situations of interest, can be simplified to 
up’ = ePNN'P!Po ayproximately. 

Mp can be considered as a mortality rate associated with a system of arbi- 
trarily high order: 

pp = Pe PIDKNNIN +), 2d. 
This equation is equivalent to the information theory relation, 

€ = A-2-0N, 

The factor, A, becomes unity because by extending the observation through- 
out the whole acute postirradiation phase, almost every error situation will 
be expressed. The factor 2 defines the stability of the components, and 
compares to e~?@/"0, Finally, (NN’N’’---+) is the total number of 
components, counted at the level of radiosensitive units, regardless of any 
hierarchy of organization. The equivalence of Equation 2d to Equation 1, 
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guarantees that its validity is general and not restricted to the very special 
situation used in the derivation. 

In dealing with a system of unknown order and number of components, 
the factors in the product 


pNN'N” --- 


merge into a single parameter pv: 


enve PI Dy 


3. 


where v is a measure of the organizational stability, or effective redundancy, 
of the system at the level of components affected by radiation, and Do is a 
scale factor relating the physical dosage unit to the sensitivity of the com- 
ponents with respect to the particular radiation used. Equation 3 is a natural 
generalization of the multitarget formula, with the parameter v substituted 
for the actual property ‘‘number of targets.’’ The price of the generalization 
is that the merger of several physical properties into a single parameter makes 
it impossible to analyze the properties themselves; the advantage achieved 
is that the formulation can be expected to hold for very complex organizations. 

How well this expectation is fulfilled is seen in Figure 1. By taking nega- 
tive logarithms twice, Equation 3 is transformed into a straight line: 


uD = 





—log. (—log. up) = log. » + D/Do. 3a. 
[symao.| SPECIES | vy | Do| ~~ ~——_=sREFERENCE _ : i. 
[teem | COLPID, COLP, [3700 | ? | CROWTHER,J.A., PROC. ROY. SOC. B, 100: 390(1926) 
je—e DROSOPHILA | 4.8 |180 | PACKARD,C.,@ EXNER,F.M.,RADIOL. 44: 357('45) 


} LAMARQUE ,P.,& GARY BOBO,J.,PROC. INTERN. CONF, PEACEF. USE AT 
| ooo GUINEA PIG 360 39 EN. VO. ti ('S6) 


— GUINEA PIG |740 |50 | ELLINGER,F., ET AL.,NAV.MED.RES. INST.13: 311 ('55) 

|A——v | HAMSTER 7900 |64 | KOHN,H.1.,@ KALLMAN,R.F. ,RADIAT. RES. 6:37('57) 

o—ao | CHICK 4700 |91 |STEARNER,S.P., & TYLER,S.A.,RAD.RES.7:253('57) 

|&—— | CHICK EMBRYO | 37000/90 | KOHN,H.1., & KALLMAN,R.F. ,RAD. RES. 5: 710 ('56) 

— CHICK EMBRYO |55000/93 | OFTEDAL,P.,PROGR. RADIOBIOL. ,OLIVER & BOYD, EDINBURGH '56 
X++eX | CHLAMYDOMON. | 5.6 | 2005/ JACOBSON, B.S.,RAD.RES.7:394('57) (DOSE Xi/I0) 
ee BOMBYX M. |25 | 318 | LAMARQUE,P.,@ GROS,C., JOUR .RAD. ELECTR. 26 :129 ('44) 
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Fic. 1. Dose-mortality curves—various organisms. 

















INFORMATION THEORY IN RADIOBIOLOGY 393 





as 











"sympa. tiny | Oo ; REFERENCE 
aeons fu a CRONKITE, € P., ETAL., SCIENCE 122:148('55) AND RES. REPT. NAV. MED, RES. INST, 13:89('55) OPEN CIRCLES: 
e@—e jli4.2 [52 Jiicuinc Time AROUND 18 DAYS, CLOSED CIRCLES : AROUND 13 DAYS 
&—th les 45 PATT,H.M.,ET AL., J. CELL. COMP, PHYSIOL, 42: 327 ('S3) 


oo — (280) KOCH,R.,ET AL., DEUTSCHE MED. WCHSCHR. 62: 1069 (57) OPEN SQUARES: KILLING TIME 
8+} 50 AROUND !8 DAYS; CLOSED SQUARES: AROUND 10 DAYS ‘ 
}'4.2 | 52 | CHAPMAN,WH,,RAD.RES. 2:502('55) (DATA FOR MALE MICE) 
F—VT [13.2 | 45 | DELIHAS.N., 8 CURTIS, H.J., RAD. RES. 8:166 ('58) 











' 
x—xK {115 45 | UPTON, A C., ET AL., RAD. RES. 4: 117 (56) 

















60 
70 
60 
--4.50 
———j.40 
-—-4.30 

= 20 

410 
——--——--4 .05 

401 














In (Ine) 





An 
MORTALITY RATE, 44 



































DOSE (tam OR Frigsue? 


Fic. 2. Dose-mortality curves—mice. 


A number of reliable dose-mortality curves was culled from the literature 
more or less at random, beginning with the historical Colpidium curve. It is 
seen that, for a great variety of organisms, the expected straight lines appear. 
All multitarget curves must equally fit into the scheme. The nature of the 
two parameters suggests that differences (due to place, time, age, etc.) in 
the general condition of the experimental objects should affect the internal 
stability or effective redundancy, and therefore the intercept; this is con- 
firmed by the sets of nearly parallel lines for chicks (three sets of data) and 
guinea pigs (two sets). Differences in radiation quality or dosage unit should 
affect the slope; only where radiations differ in the number of targets affected 
in a single event will the intercept vary. 

Survival data on mice show the expected slight variations in slope and 
considerable variations in position, but they also yield strongly bent curves 
instead of straight lines (Fig. 2). (Most curves show an additional final up- 
turn not shown on the graph, because of mortality reaching 100 per cent 
earlier than predicted from linear extrapolation from the preceding portion 
of the curve.) These facts are related to differences in prevalent mode of 
death associated with various levels of lethality. They are evident in dif- 
ferences in mean killing time, in contrast to guinea pigs and hamsters (Fig. 1) 
where dominance of a single mode of death is indicated by killing times re- 
maining constant over a wide range of lethality. The most complete data 
available are those obtained by Cronkite et al. (23) during an atom bomb 
test. In this material, two killing times dominate; one in the low mortality 
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range, and one associated with moderate and high mortality; the former 
corresponds to the ‘‘slow component” (24) and the latter to the well-known 
‘‘marrow death.’’ Each is associated with a straight line (the transition be- 
tween the two is only one point ‘‘off’’). These two straight lines constitute 
part of the apparent curvature seen with less complete data; the final upturn 
is due to incidence of one of the faster modes of death.® 

In the analysis of chronic radiation effects or natural aging, no natural 
time unit is available, and a frequency factor must be introduced to relate 
the time unit used to durations of ‘“‘duty cycles’ (assumed to remain con- 
stant—a not unplausible hypothesis). One may equate the random loss of 
orderliness due to age to a first-order decay of the effective redundancy, ». 
Then, if m; is the natural mortality rate per unit time: 

m, = keno tl 4. 
where k is the number of ‘‘duty cycles’’ per unit time, vo the initial number of 
components, ¢ the age, and fo a scale factor. Forming the Gompertz function, 

G; = loge. m, 
we get* 
G, = log. k — veertte 4a. 


which for small values of t/to is equivalent to the usual form, 


G; = (log, k — ») + = t. 4b. 
0 


For large values of t/to, Equation 4a seems to fit the data better than 4b.° 
Irradiation with a single dose may irreversibly reduce v; then 


mp,. = kere PIP Fett 5. 


where D* is a scale factor not necessarily identical with the Do of the acute 
reaction. Setting 


Dto 
a a 


we get an effective change in age: 


_y t/t - 
mp, = kev 10. 5a. 


This is the “‘aging”’ effect as described by Brues & Sacher (25). It is not 
necessary to assume that the reduction of v by aging and irradiation involve 
the same mechanisms, or even levels of organization. Accordingly, the addi- 


* A glance at the ordinate in Figures 1 or 2 shows that the functional scale is dis- 
torted in a fashion not too different from a probit scale; hence, approximate fits on 
one scale can be matched on the other. 

* Because of the presence of the constant k, taking logarithms a second time will 
not result in a straight line as with Equation 3. 

5 Alternatively, one could derive the usual form of G, from Equation 3. 
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tivity of radiation effect to age does not necessarily imply a simple increase 
of radiation sensitivity with age (26). 

Irreversible reduction of v by chronic irradiation at a dose rate D’ yields 
an effective change in time scale (25): 


mp’,: = eroenl 5b. 
with 
ee 
to’ to D* 


Reversible effects of chronic irradiation at a constant dose level should 
result in shifting v to a lower level, yp’, which is equivalent to the irreversible 
effect of a single dose, Equation 5a. Auerbach’s data (27) on the relation be- 
tween skin cancer incidence and amount of sunlight are compatible with this 
model. 

Thus, the relation defined by Equation 1 is seen to account for a very 
vast range of dose-mortality relations. 


ELEMENTARY RADIATION EFFECTS AND INFORMATION DENSITY 


In the preceding section, we have dealt with highly redundant, very com- 
plex systems, where the final malfunction of the system is far removed from 
the elementary component perturbations; in the analysis of these systems, 
we had to deliberately submerge any reference to number and nature of these 
elementary components into a general parameter “effective redundancy.” 
The study of small systems with few organizational levels between the whole 
system and the sites of elementary radiation effects has led to the comple- 
mentary concept of ‘information density.’’ The development of this concept 
is due to Morowitz (28). 

Consider a system with N components, each of known information con- 
tent H and known susceptibility to radiation, 1/Do. Let this system be the 
exact organizational opposite to the system previously considered: that is, 
perturbation of any single component results in malfunction. This implies 
that virtually all the information in all components is essential, or in Moro- 
witz’s terminology, that the system has the maximum information density 
obtainable, namely, H per component. Suppose it turns out that it takes 
about r perturbed components to cause malfunction. This can indicate one 
of the four extreme situations: (a) only 1/r of all components carry essential 
information, and they are distributed throughout the system; the informa- 
tion density is H/r; (b) the system consists of a coherent segment with in- 
formation density H—the “‘target!”—and a (r—1) times larger segment 
with information density zero; (c) the system is stabilized to the degree that 
it can tolerate the equivocation due to (r—1) perturbations; the information 
density is H[1—(r—1)/N], and near maximum if N>>r; (d) the system con- 
sists of subsystems of size k, each stabilized against up to r perturbations; 
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the information density is H[1—(r—1)/k]. This is near maximum if £>r. 
Many real cases should be intermediate between the four extremes. 

The various situations can be distinguished by producing coherent clus- 
ters of perturbations of varying size, or, in radiation terms, by using radia- 
tions of different linear energy transfer (LET) along the ionization tracks 
(30). An interesting finding was made in studying the inactivation of spores 
with a wide variety of irradiations: the cross section kept increasing with 
increasing LET for as tar as it could be studied. This is interpreted as mean- 
ing that the spore contains several subsystems of varying information 
density, all necessary for survival; as the LET is increased, more and more 
subsystems become vulnerable (28). 

In many small biologic objects, it was found that the region of high in- 
formation density takes up a sizable fraction of the whole mass, and satura- 
tion sizes of clusters are very much smaller than the number of atoms in 
this region. On this basis, Morowitz postulates that the information density 
of some living structures must be very high, not more than one or two orders 
of magnitude below the maximum. To determine actual values, one has to 
identify the elementary units in radiation response, and estimate their in- 
formation content. Morowitz argues that atoms and small molecules cer- 
tainly are perturbed in a quantal fashion by irradiation; the amount of 
information per atom or molecule has been estimated by various means with 
reasonably good agreement (14, 29). On these grounds, Morowitz computes 
a very high information density of the essential portions of living structures 
of the order of one bit per atom. 

While atoms and small molecules are units perturbed by ionization, it is 
not certain that they are the largest unit in living matter to do so. It seems, 
for instance, that enzymes cease to function as entire units (31, 32, 33), and 
that enzyme inactivation is caused by single events occurring under irradia- 
tion: with high probability by ionizations within (31, 34) or in the neighbor- 
hood (32) of the enzyme, with lower probabilities by collision with radiation- 
produced radicals. This set of indications could be interpreted as evidence 
of high information density, but it is hard to reconcile with the fact that 
enzymes will tolerate considerable amounts of chemical changes without 
ensuing malfunction. Alternatively, one might consider the possibility that 
a single ionization within an enzyme molecule causes many perturbations 
(34) or that there are weak links which give way, causing the structure to 
collapse, if there is any serious perturbation anywhere in the molecule (32). 
Effectively, such a weak link would constitute a protective mechanism be- 
cause it would tend to eliminate ‘‘damaged”’ protein molecules. Enzymes 
may be considered as representative basic components of radiation responses. 
The functional information content of an enzyme, with roughly 1000 atoms, 
is approximately 10 bits (35). Applying Morowitz’s argument to this unit, 
we obtain maximum information densities of approximately 1/1000 bits per 
atom. It is clear that much analysis will be needed to impose narrow brackets 
on the estimates of information densities in living matter. 
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INFORMATION THEORY OF RADIOSENSITIVITY 


Our oft-verified relation, 


-D/D 
Error rate = ke”! . 


implies a classification of factors contributing to radiosensitivity: those which 
operate on k, which has the nature of a frequency factor, or, more generally, 
is related to the expression of errors; those which operate on », the effective 
redundancy; and those which operate on the cross section and thus affect 
Do. The last group of factors has been extensively studied in connection with 
target theory (20, 30, 36); very little can be said about factors in the first 
group; concerning factors acting on v, a few speculations may be permissible 
at this place. 

In simple systems, v stands for the actual degree of multiplicity; that is 
the situation dealt with in the ‘‘multitarget”’ analysis (20). In complex sys- 
tems, v indicates an ‘‘effective’’ degree of redundancy, 


y=y7N 


with concributions from actual multiplicity of components (N) and their 
internal stability (m). All situations which are characterized by low y or N 
must be associated with high sensitivity. 

Early stages of radiation reactions take place on the molecular and mac- 
romolecular level. It is a matter of fact that, on this level, high multiplicity 
is associated with every-day function, and low multiplicity with the recon- 
struction of functional elements. Thus, enzymatic action is much better pro- 
tected by multiplicity than enzyme production; gene action is better pro- 
tected than gene reproduction and distribution. Radiosensitivity (due to 
low multiplicity) is associated more with production than with function of 
biologic entities. 

The internal stability, 7, depends on the amount of functional capabilities 
apportioned to checking and correcting of error. The successful use of these 
capabilities depends on harmonious interplay between components. There 
is a whole class of situations in which this interplay is compromised: all 
situations in which a change of behavior pattern occurs. Harmonious inter- 
play is based on signals producing proper effects; with components of limited 
informational capabilities, like or similar signals must be used for different 
effects in different situations; accordingly, confusion is most likely to occur 
when some components have adopted a new behavior pattern and others 
have not yet done so. This description may sound anthropomorphic: but 
biologists in many fields will have no difficulty recognizing the pattern in- 
dicated in many biologic processes. 

Both the production of new elements and changes in behavior pattern 
are associated with re-organization. The postulate, therefore, is proposed 
that low v and high sensitivity are associated with processes of re-organiza- 
tion, where high sensitivity applies to both causation and manifestation of 
damage (37). This postulate implies the three parts of the law of Bergonnié & 
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Tribondeau (38): cells which frequently divide are sensitive—and most 
divisions are associated with re-organization of material of one cell into that 
of two; cells with many divisions in the future are sensitive—they have many 
occasions to manifest damage; cells which show little differentiation in form 
and function are sensitive—as they commence to differentiate, and thereby 
re-organize, they will have many occasions to manifest damage. The postu- 
late also accounts for some exceptions to the law of Bergonié and Tribon- 
deau: spermatocytes divide rapidly without being particularly sensitive— 
but meiosis is largely a matter of distribution without much re-organization; 
in many cell lineages, the most sensitive phase is not that of the earliest, 
least differentiated cells, but usually the phase just preceding differentiation, 
or the early steps of differentiation or re-organization; in the developing 
central nervous system, the most radiosensitive cells are those which do not 
divide at all any more but are rapidly re-organizing from undifferentiated to 
differentiated cells (39). 
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equilibrium thermonuclear 
abundances, Urca 
process, 314 
heavy-ion thermonuclear 
reactions, 313 
high temperature, 1-46 
magnetic variable stars, 





322-23 
photonuclear reactions, 
314 
stellar core collapse, 
314, 316 
on stellar surfaces, 322- 
23 
supernova explosion, 316 
Nuclei in cosmic radiation 
heavy, 219, 225 
energy distribution, 225 
flux of, 219 
light and medium, 218-19 
Nucleic acid synthesis and 
growth, modification 
by radiation, 368-70 
Nucleons, mean free path 
for, 95 
Nucleus, scattering of 
nuclear particle by, 
49-100 
Nuclide abundances, anal- 
ysis of, 320-22 
Suess-Urey abundances, 
311, 320-11 


Oo 


Ocean 
boron 10 in ocean cores, 
279 
radioactive elements in, 
245 
thorium 230 
see also Radionuclides, 
primary and secondary 
Optical model description 
of scattering, 49-100, 
143 
boundary condition model, 
51 
mean free path for nucle- 
ons, 51 
resonances, giant, 103, 
108-9 
square well potential, 
107, 110 
see also Wood-Saxon type 
of optical potential 
Optical model, high-energy, 
94-99 
impulse approximation, 
multiple scattering approx- 
imation, 58-67 
Optical model, low energies 
compound elastic scatter- 
ing, 68, 86 
energy averages, 67 
fluctuation cross section, 
68 
intermediate coupling 
model, 71-78 
Kapur -Peierls formalism, 
69-71 
random phase assumption, 
74 














statistical approximation, 
72, 74 
Optical model, phenomeno- 
logical, 78-100 
electromagnetic interacti- 
ons, 83 
neutron polarization, 83 
polarization, 84 
spin orbit, Thomas, 84 
potential, central, 78 
potential, nonlocal, 79 
potential, spin-orbit, 78 
potential, tapered, 83 
potentials, value of para- 
meters, 91-99 
surface absorption, 84 
see also Square well type 
of optical potential 
Optical model potentials, 
66-67, 78-79, 80.55, 
91-99, 143 
Bjorklund-Fernbach type, 
82 
derivative surface absorp- 
tion type, 81 
exponential taper type, 81 
gaussian surface absorp- 
tion, 81 
generalized, 53-58 
at high energies, 66-67, 
94-99 
Hill-Ford type, 80 
identity of particles, 67 
imaginary part, 66 
for neutrons, 91-93 
nonlocal, 55 
“parabolic” taper type, 81 
for protons, 93-99 
square type, 80, 82 
step type, 81-82 
trapezoidal type, 80 
wine bottle type, 80 
Woods -Saxon type, 80, 82 
Optical potential parameters, 
numerical values 
comparison of potentials, 
84-85 
giant resonances, 90 
high-energy, 94-99 
imaginary part, 84 
surface thickness and 
angular distribution, 
84 
for neutrons, 91-93 
nonlocal potential, 86 
for protons, 93-99 
polarization and surface 
thickness, 85 
scattering length, 87 
surface absorption, 85, 
90-91 
Organic material in radio- 
biology, 345-48, 353-56, 
372, 375, 377, 380 
Oscillations, nonlinear, 200- 


Oxygen effect in radiobiol- 
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ogy, 345, 347-49, 354, 
367 


P 


Pais associated production 
rule, 40 
Paramagnetic resonance 
techniques, 372-73 
Parity, 1-17 
conservation, 3 
of Dirac particles, 11-14 
isotopic, 39 
of mesons, 10 
of positronium states, 13 
operator, 1-4 
space inversion, 1-4 
of spinless particles, 9-11 
Parity operator, 1-4 
in electrodynamics, 7-9 
formal theory, 6-7 
for interacting fields, 14- 
16 


for neutrino, 17 
Parity selection rules 
for absorption of light, 9 
for emission, 9 
Particle optics, phase space 
concepts in, 195-97 
acceptance, 196-97 
emittance and acceptance 
in, 196-97 
Pauli‘s theory of the elec- 
tron, 22 
vPersonnel monitoring, 339, 
341 
film badges, 341 
Phase compensation, 183- 
84 
Phase effect in radiobiology, 
348-49 
Phase space concepts 
in accelerators, 192-93 
in particle optics, 195-97 
in radiofrequency acceler- 
ators, 197-200 
beam stacking, 200 
phase displacement accel- 
eration, 199 
Phase stability principle in 
accelerators 
cyclotrons, 184-85 
microtrons, 185 
synchrotrons, 185, 190 
Photodisintegration react- 
ions on fast time scale, 
320 
Photons and pi-meson decay, 
10 
Photonuclear reactions, 314 
Photoreactivation, 358-59, 
365 
Pi-meson (pion) 
capture by deuterons, 11 
decay into two photons, 10 
distribution of multiplicity, 
153 
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emitted in annihilation of 
antiproton, 148 
isotopic spin of, 36-39 
parity of, 10 
pion-nucleon interaction, 


pseudoscalar nature of, 11 
spectrum of energy, 147 
a; 7*: 2” ratio, 154 
Plasma, 208-9 
Ploidy, 362-63, 367-68, 378 
Polarization 
in optical model, 85, 97 
in parameters, 97 
Positronium 
eigenstates, 29 
parity of states, 13 
Postirradiation, see Radi- 
ation response 
Potassium 
-argon ages of minerals, 
270-74 
-argon decay constants, 
261 
average concentration in 
sea water, 245 
decay scheme of potassium 
40, 261-62 
Primaries, see Primary 
- cosmic radiation 
Primary cosmic radiation, 
217-41 
chemical composition, 218- 
21 
energy distribution of, 221- 
27 
fluctuations in, 228-36 
see also Cosmic rays 
Proportional counter, 337 
Proton 
capture on fast time scale, 
319-20 
energy distribution in 1954 
223 
high-energy scattering, 
93 


and optical potential para- 
meters, 93 

proton-antiproton system, 
29 


proton-proton chains, 304 
Pyconuclear reactions, 323 
neutron core, 325 
nova explosion, 324-25 
stellar core collapse, 314, 
324 


Rad, definition of, 335 
Radiation 
beta-particle, survey of, 
336-67 
biological effects of, see 
Radiation effects 
gamma-radiation, survey 
of, 336 
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see also headings below 
Radiation damage, 277, 344- 
50 
Radiation effects 
biological, 387 
chronic, 394-95 
cytological, 365-68 
biochemical, 371-72 
cytoplasmic damage, 368 
mutagenic, 370-71 
modification by nucleic 
acid synthesis and 
growth, 368-70 
and information density, 
395-96 
miscellaneous, 372-76 
dehydration, 375-76 
paramagnetic resonance, 
372-73 
permeability changes, 
373 


temperature, 374 
viscosity changes, 372-73 
Radiation energy migration, 
distance of, 347 
Radiation energy transfer, 
346-47, 354 
Radiation hazards, control 
of, 327-41 , 
Radiation lethality, 389-95 
Radiation levels, permissi- 
ble, 327-30 
permissible flux densities, 
329, 335 
occupational exposure, 328 
Radiation measurements 
air-monitoring, 340 
alpha-contamination, 337- 
38 
beta-particle radiation, 
336-37 
of biologic effects, 334 
cataract formation, 335 
"relative biological ef- 
fectiveness" (RBE), 
334, 338 
gamma field intensities, 
336 
personal monitoring, 341 
rad, 335 
roentgen, 334 
“tissue equivalent” ioniza- 
tion chamber, 335 
Radiation response, see 
Radiosensitivity 
Radioactive isotopes, 243- 
54; see also under head- 
ings of individual names 
and under Radionuclides 
Radioactivities, artificially 
produced 
artificial radiocarbon, 254 
artificial tritium, 254 
fission products, 251-54 
Radioactivities, cosmic-ray 
prod’ -d 
berylli. 7 and beryllium 
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10, 251 
carbon 14, 247-49 
magnetic field of the earth, 
changes in, 246-47 
effect on cosmic rays, 
246-47 
tritium, 249-51 
see also Radionuclides 
cosmic-ray produced 
Radioactivity of atmosphere 
and hydrosphere, 243- 
54 
Radiobiology, cellular 
of bacteria, 348, 351, 353, 
358, 359-61, 364, 369- 
73, 376, 378-79 
of cells, 348, 351, 355-59, 
361-62, 364-70, 374-76, 
380-81 
chromosome aberrations 
in, 352, 365-67 
dehydration in, 375-76 
dose anomalies in, 380-81 
of eggs, 355-56, 359-60, 
364, 380 
free radicals in, 345 
influence of water in, 347 
instrumentation in, 376 
microbeam, 376 
of mammalian cells, 380- 
81 
mathematical, 376 
of organic material, 347- 
48, 353, 356, 372, 377, 
379-80 
oxygen effect in, 345, 347- 
49, 354, 367 
paramagnetic resonance 
techniques in, 372-73 
phase effect in, 348-49 
radiomimetics, 379-80 
of seeds, 351, 354, 360, 
362, 365-67, 371-72, 
379 
of sperm, 355, 363 
target theory in, 377-79 
of yeast, 348-49, 353, 
355-56, 359, 361, 363 
365, 370-71, 373-75, 
378-79 
of viruses, 351, 353-54, 
357, 359, 374, 378 
Radiobiology, information 
theory in, 387-98 
Radiocarbon, artificial, 254 
Radiofrequency acceleration 
theory, 197-200 
"buckets," 199-200 
Radiomimetics, 379-80 
hydrogen peroxide, 379 
Radionuclides, cosmic-ray 
produced in rainwater 
sodium 22, 252 
phosphorus 32, 252 
sulfur 35, 151 
carbon 39, 252 
Radionuclides, primary and 





secondary 
atmospheric concentration 
of radon and thoron, 
245-46 
radioactive elements in 
sea water, 245 
ionium, 245 
potassium, 245 
radium, 245 
rubidium, 245 
thorium, 245 
uranium, 245 
Radiosensitivity, influences 
on 
biological factors, 362-65 
division state, 363-64 
metabolic state, 364-65, 
367 
ploidy, 362-63, 367-68, 
378 
chemical modification of, 
356-58, 366 
environmental factors, 
352-58 
dehydration, 352, 354, 
375-76 
phase state, 352, 354 
temperature, 352, 354 
infrared modification of, 
374 
postirradiation physical 
factors, 358-62 
chemical modification of, 
361-62 
oxygen modification of, 
359-60 
photoreactivation, 358- 
59 
temperature modification 
of, 360-61, 374 
pressure influence on, 374 
radiation parameters, 350- 
52 
dose rate and fractionati- 
on, 352, 365, 367 
linear energy transfer 
(LET), 350-52, 367-68 
wavelength, 352 
Radiosensitivity, information 
theory of, 397-98 
Radium in sea water, 245 
Radon concentration in at- 
mosphere, 245-46 
Rain water, elements in, 
252 
see also Radionuclides 
Relative biological effective - 
ness (R.B.E.), 334, 338 
Resonance acceleration, 
182-83, 185 
Rhenium 187 in geochronol- 
ogy, 278 
Rubidium 
average concentration in 
sea water, 245 
-strontium ages of miner- 
als, 270-74 











Rubidium 87 in geochronol- 
ogy, 265 
Roentgen 
roentgens equivalent man 
(rem), 334 
roentgens equivalent phys- 
ical (rep), 334 


s 


Sacher's “stochastic theory 
of lethality,” 390 
Saxon type of optical poten- 
tial, 93 
Scintillation counter, 337-38 
Sedimentary rocks, dating of 
authigenic minerals in, 
277 
glauconite, argon retentiv- 
ity, 277 
Holmes time scale, 277 
sylvites potassium-argon 
ages of, 277 
Seeds, radiobiology of, 351, 
354, 360, 362, 365, 367, 
371-72, 379 
Selection rules of mesic an- 
nihilation, 152 
"Separatrix,” 198 
"Shell source" of energy, 302 
Solar energy, 299 
Space inversion, 1-4 
Spectrometers, 163-78 
Sperm, radiobiology of, 
355, 363 
Spin 
dependence of A-neutron 
force, 122 
from hyperfragments, 115 
of A- hyperon, 115 
see also Isotopic spin 
Spinless particles, parity 
of, 9-11 
Spin-orbit potential, 78, 82, 
Thomas, 84 
Spiral ridge geometries, 190 
Square well type of optical 
potential, 52, 73, 80. 
82-83 
phenomenological, 107 
Stars 
barium, 312 
carbon, 310 
helium, 310 
magnetic variable, 322-23 
red giant, 302 
technetium in, 312 
white dwarf, 303 
Stellar core collapse, 314, 
316, 324 
Stellar energy, 299-325 
Stellar explosions, 323, 325 
Stellar evolution 
degenerate electron gas 
in, 302-3 
Hertzsprung-Russel dia- 
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grams, 301 
red giant stars, 302 
"shell source” of energy 
white dwarf stars, 303 
Stellar populations, 300 
interstellar medium, 301 
"Stochastic theory” of leth- 
ality, 390 
Strangeness, 39-41 
Suess-Urey abundances, 
311, 320-22 
strontium 90 determina- 
tions, 251 
fall-out, 253 
Sun 
effect on cosmic-ray fluc- 
tuation, 240-41 
solar cycle variation, 229- 
30 


solar flare, Feb. 23, 1956, 
234 
source of cosmic-ray par- 
ticles, 237-38 
source of energy of, 299 
"Sunshine project," 251 
Supernova explosion, 316, 


Superselection rule, 14 
Sylvites, potassium-argon 
ages of, 277 
Synchrotrons 
with alternating gradients, 
188, 192 
electron, 185, 187 
proton, 185, 190, 192 
radiation effects in, 212 


T 


Target theory, 377-79 
Technetium in stars, 312 
Thermocline, 248-49 
Thermonuclear reactions 
heavy-ion, 313 
helium, 308-10 
hydrogen, 303-8 
Thomas cyclotron, 183, 189- 
90 
Thomas spin-orbit potential, 
84 
Thorium half life, measure- 
ments of, 260-61 
average concentration in 
sea water, 245 
Thoron concentration in at- 
mosphere, 245-46 
Three-alpha process, 309 
Time reversal, 17-25 
time reversed state, 17 
T - invariance, applica- 
~ tions and validity of, 
19-20 
Time reversal operator 
for Dirac particles, 23-25 
formal theory, 20-22 
T - invariance, 19-20 
Tritium 
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artificial, 254 
in atmosphere, 249-51 
concentration in free Hg, 
250-51 
Castle tests, 254 
natural concentrations of, 
249 
Tube spectrometer, 178 
Two-(flat) crystal gamma- 
ray spectrometer 
(Chalk River), 173-78 
description, 175 
neutron-capture gamma- 
rays studied with, 175 
optimum thickness of 
crystal for use in, 174- 
75 
principle of, 175-76 
see also Knowles' theory 


U 


Uraninites, ages of, 267- 
70 
and mica ages, 270 
see also Mineral ages 
Uranium 
concentration in sea water, 


-helium 4 method, 277 
-lead ages, 269, 279- 
92 
-radiation damage, 277 
Uranium 235 half life, 
measurements of, 259- 
60 
Uranium 238 half life, 
measurements of, 258- 
59 
Urca process in stellar 
core collapse, 314 


Vv 


Viruses in radiobiology, 
351, 353-54, 357, 359, 
374, 378 


WwW 


Wave packet, 69 
Wine bottle type of optical 
potential, 80, 93 
Woods -Saxon type of op- 
tical potential, 52, 80,82 
compared to Hill-Ford 
type, 85 


x 
X-rays, soft, 336 
Y 
Yeast, radiobiology of, 348- 


49, 353, 355-56, 359, 361, 
363-65, 370-75, 378-79 





